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ABSTRACT 
 
Porcine reproductive and respiratory syndrome (PRRSV) and porcine epidemic 
diarrhea (PEDV) viruses are two of the most economically significant diseases to affect 
the U.S. swine industry today. Yet, little is known about how they impact pig nutrient 
digestibility, intestinal function and feed efficiency. Therefore, the overall objective of 
this thesis was to determine the impact of PRRSV and PEDV viruses, alone or in 
combination, on grower pig performance, tissue accretion and on intestinal function and 
integrity. To accomplish these objectives, a series of experiments were conducted and are 
outlined in three research chapters (Chapter 2, 3 and 4). In Chapter 2, an experiment was 
conducted using growing pigs to assess the longitudinal impact of PRRSV on growth 
performance, feed efficiency, tissue accretion and apparent total tract digestibility 
(ATTD). In Chapter 3 pigs were infected with PRRSV, PEDV or a combination of both, 
to determine their impact on growth performance, feed efficiency, ATTD and apparent 
ileal digestibility (AID). The final research chapter (Chapter 4) assessed the effects of 
PRRS and PED viruses on intestinal integrity and function.   
The results from this research indicate that PRRSV significantly reduces overall 
growth performance and feed efficiency. It also reduces ATTD of nutrients and energy in 
an industry setting (Chapter 2), but did not reduce AID of nutrients (Chapter 3). 
Expectedly, PRRSV infection did not affect markers of intestinal health and integrity, but 
did improve active glucose and lysine transport in the jejunum (Chapter 4). Jejunum 
sucrase activity was also improved during the 21 day PRRSV infection. However, no 
differences in the gene abundance of nutrient transporters between PRRSV and healthy 
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controls were reported (Chapter 4). As expected, PEDV infection reduced growth 
performance and feed efficiency in the first week post infection (Chapter 3). Although it 
reduces ATTD of dry matter and energy from control health pigs, PEDV did not alter 
nitrogen or organic matter ATTD. There were also no differences reported in AID of 
nutrients between control and PEDV pigs. As reported in Chapter 4, PEDV challenge 
negatively affects intestinal integrity and morphology, reducing villi:crypt ratios 
throughout the small intestine and decreasing absorptive surface area compared to the 
control and PRRSV pigs. Interestingly, PEDV did not alter brush border enzyme activity 
or mRNA abundance of nutrient transporters in the jejunum compared to control pigs 
(Chapter 4). However, active glutamine transport was favorably increased in PEDV 
infected jejunum samples. Co-infection with PRRSV followed by PEDV reduced growth 
performance and feed efficiency more severely than PRRSV or PEDV alone (Chapter 3). 
Dry matter, nitrogen and energy ATTD were reduced, while organic matter ATTD and 
AID parameters did not differ from healthy, control pigs (Chapter 3). Intestinal 
morphology and integrity was negatively impacted throughout the small intestine similar 
to pigs challenged with PEDV (Chapter 4).  
In summary, both systemic-respiratory and enteric-based pathogen challenges 
(PRRSV and PEDV respectively) reduced growth performance and feed efficiency in 
growing pigs. However, co-infection with both PRRSV and PEDV showed an additive 
effect on pig performance. An interesting highlight of this work was that PEDV 
challenged nursery pigs still had brush border digestive enzyme and nutrient absorptive 
machinery present during major atrophy and thinning of the intestinal epithelium. This 
translated into minimal changes in AID and ATTD of nutrients and energy in PEDV-
xii 
 
 
challenged pigs compared to healthy control pigs. Longitudinally, PRRSV infection 
impacted growth performance, protein accretion and feed efficiency in pigs. Our data 
indicated that PRRSV infected pigs needed two more weeks on feed to reach the same 
market weight as healthy control pigs and we estimated this to costs producers $6-
12/head.  
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CHAPTER 1 
LITERATURE REVIEW 
Introduction 
The United States produced10.3 million metric tons (MT) of pork in 2014, 
ranking third behind only China (56.5 million MT) and the European Union (22.4 million 
MT) (USDA-FAS, 2014). To be competitive on the world stage, U.S. pork producers 
have integrated and adopted practices that have increased production, while space and 
resources utilization have been diminishing. However, to remain competitive, profitable 
and sustainable the industry must continue to explore and better understand the 
interactions between nutrition, health, the environment and productivity. Major threats to 
profitable and sustainable swine production include feed costs, labor cost, export markets, 
health and changing welfare and antibiotic legislation. Of these threats, continuous health 
challenges that result in increased pig morbidity and mortality are arguably the greatest 
daily threat to the U.S. pork production system. With the evolution of intensified swine 
production, there has also been increased opportunity for pathogen exposure and spread. 
With this in mind, this literature review will focus on providing the history and 
transmission of two of the most economically significant viruses in the U.S. swine 
industry in Porcine Reproductive and Respiratory Syndrome virus (PRRSV) and Porcine 
Epidemic Diarrhea virus (PEDV). Furthermore, this review will outline the classic 
immune response in pigs, how it differs between viruses and bacteria, and how it is 
altered by different viral or bacterial insults. Finally, this review will discuss pig growth 
performance and feed efficiency, alterations in intestinal integrity and function due to 
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PRRSV, PEDV or similar insults, and will provide different nutritional intervention 
strategies used to elucidate the effects of these insults. 
U.S. Pig Production 
Until the 20th century, individual or backyard swine herds of less than ten pigs 
raised and slaughtered on the same farm was commonplace in the U.S. However, the 
industrial revolution and agricultural mechanization changed that and set the groundwork 
for the last half of the 20th century. During the 1970’s and 1980’s, major change came to 
the swine industries of North America and Europe. These included moving pig 
production from free range to indoor confinement and as a result, increasing average herd 
size. Thus, the average U.S. herd size increased from 19 pigs per farm in 1950, to 215 in 
1987 and by 2007 was more than 900 (Benjamin, 1997; Rhodes, 1998; NPB, 2014). 
However, this increase in pig numbers per farm has been negatively correlated with the 
number of farms raising pigs. There were almost 650,000 U.S. farms raising pigs in some 
capacity in 1977. With the emergence of high density confinement systems in the 1980’s, 
that number dropped to 329,000 farms in 1987, of which more than 8500 farms had over 
one thousand pigs. Today, the number of swine farms continue to fall, with just over 
63,000 farms in the U.S., of which 3000 have over five thousand pigs and 10,000 have 
over one thousand pigs (USDA-NASS, 2014). Increased integration of the industry was 
also evident in the fact that 145 swine operations own 60% of the pigs produced in the 
United States (NPB, 2014).  
Larger populations, confinement and high density production altered disease 
ecology and epidemiology. As modern production practices were adopted, age 
segregation and early weaning practices began to emerge. Age segregation, coupled with 
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weaning at an earlier age, are management practices used to increase pig health by 
moving weaned piglets to a clean nursery in groups by age to a barn away from the 
farrowing house and sows. This practice aimed to reduce piglet pathogen loads and 
brought about the development of multi-site production systems (Alexander et al., 1980; 
Scheidt et al., 1990). As a consequence of this practice and improved herd health, 
producers began to favor two- and three-site production systems. This has allowed for the 
movement of newly weaned pigs to different farms that could be within the same county 
or to sites across the country. Today it is common practice for pigs to be farrowed in one 
state, weaned, and transported to another state to be grown and slaughtered. Pigs are also 
being shipped internationally from Canada to the U.S. to be grown and slaughtered.  
As a result 
of multi-site swine 
production 
practices, increase 
in confinement 
farms and 
availability of 
feedstuffs, swine 
production has 
become more 
regionally 
specialized in the 
U.S. (Figure 1). For example, Iowa, North Carolina and Minnesota account for 55% of 
Figure 1.1. Hogs and Pigs Inventory - 2012. Source USDA, 2012 
Census of Agriculture, Source: USDA-NASS.  
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pork sales and 56% 
of pig inventory in 
the U.S. (NPB, 
2014; USDA-
NASS, 2014). 
Likewise, extensive 
interstate pig 
movements are 
common in the U.S. 
(Figure 2).  
 
Health Threats to Swine Production 
As a consequence of changes in swine husbandry practices, horizontal 
transmission of pathogens within large populations of pigs can have greater impact. In 
confinement, pigs share common airspace with close contact increasing the probability of 
pathogen transmission. Herd size clearly is positively correlated with disease outbreaks 
(Murtaugh et al., 2010). For instance in 1995, 7% of grow-finish sites with less than 2000 
pigs recorded a PRRS virus outbreak, whereas 71% of sites with more than 10,000 pigs 
reported an outbreak.   
Common U.S. swine pathogenic insults may be viral, bacterial, or a combination 
thereof (Table 1). Common bacterial infections that compromise U.S. swine health and 
performance include: Mycoplasma hyopneumoniae, Salmonella typhimurium, and 
Actinobacillus pleuropneumoniae to highlight a few while common viral challenges to 
 
Figure 1.2. Interstate movement of pigs between all states and 
Canada. Black lines are weighted to represent the number of pigs 
moved. Source: Wayne (2011). 
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U.S. pigs may include: Porcine Circovirus (PCV), Swine Influenza Virus (SIV) and 
Porcine Reproductive and Respiratory Syndrome virus (PRRSV) (Muirhead and 
Alexander, 2013). Swine pathogens have the ability to elicit local or systemic and acute 
or prolonged immune responses. In nursery-finisher pig barns, co-infection with 
pathogens leads to multifactorial etiology, so it is difficult to determine just one cause. 
For example, in 2000 it was reported that 3.2% of finishing herds had PRRSV only, 10% 
had Mycoplasma only and 2.4% had SIV only, while 54.4% had PRRSV, Mycoplasma, 
or SIV in some combination (Bush et al., 2003).  
 
Table 1.1 Common pathogens to the U.S. swine finishing industry1 
Biological name Common name Type Affected organ(s) 
Streptococcus suis Strep suis Bacteria Respiratory / septicemia 
Haemophilus parasuis Glässer's disease Bacteria Respiratory / septicemia 
Actinobacillus pleuropneumoniae APP Bacteria Respiratory / lung 
Actinobacillus suis Asuis Bacteria Respiratory / septicemia 
Pasteurella multocida  Bacteria Respiratory / lung 
Mycoplasma hyopneumoniae Myco / Mhyo Bacteria Respiratory / airways 
Erysipelothrix rhusiopathiae  Erysipelas  Bacteria Tonsils / septicemia 
Escherichia coli E. coli Bacteria Intestinal epithelium 
Brucella suis Brucellosis  Bacteria Respiratory / septicemia 
Salmonella spp.  Bacteria Intestine and colon 
Clostridium difficile  Bacteria Colon 
Lawsonia intracellularis Ileitis   Bacteria Intestine and colon 
Swine Influenza Virus SIV / flu Virus Bronchial epithelium 
Porcine circovirus type 2 PCV2 Virus Epithelial/endothelial 
cells: multisystemic 
Pseudorabies virus PRV Virus Central nervous system 
Porcine epidemic diarrhea PEDV Virus Intestinal enterocytes 
Transmissible gastroenteritis TGE Virus  Intestinal enterocytes 
Rotaviruses A, B or C Rotavirus Virus Intestinal epithelium  
Brachyspira hyodysenteriae Swine dysentery Bacteria Large intestine epithelium 
Classical swine fever Hog cholera Virus  Lymphoid tissue 
Porcine respiratory coronavirus PRCV Virus Lung 
Porcine deltacoronavirus PDCoV Virus Intestine 
Porcine reproductive and 
respiratory syndrome 
PRRS Virus Respiratory tract / 
multisystemic 
1Adapted from the Merck Veterinary Manual (2010) and Diseases of Swine (2012b) 
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Porcine Reproductive and Respiratory Syndrome 
The exact origins of PRRSV is still unknown, but it first emerged in the late 
1980’s when U.S. veterinarians reported a mystery disease causing reproductive failure in 
sows, pneumonia, increased respiratory disease impact and reduced growth performance 
in all ages of pigs (Loula, 1991; Benfield et al., 1992). This disease has had several 
names such as Mystery swine disease, Swine Infertility and Respiratory Syndrome 
(SIRS), Blue ear and Porcine Epidemic Abortion and Respiratory Syndrome (PEARS) 
before it was termed PRRSV. A short time after its discovery in North America, the virus 
was reported in Europe (Terpstra et al., 1991; Wensvoort et al., 1991). Thereafter, it was 
determined that the European (type 1) and North American (type 2) strains of PRRSV 
were biologically and genetically different, only sharing 40-60% homology (Nelson et 
al., 1993). While type 1 and 2 PRRS strains share some clinical signs, type 1 is generally 
more associated with reproductive failure, while type 2 causes both reproductive failure 
and respiratory distress in pigs. Spread of PRRSV was rapid, and it was estimated that 
57.6% of 224 Iowa, Minnesota, Illinois, Nebraska and Ohio swine farms tested reported 
seropositive for PRRS in a 1993 study (Cho et al., 1993). Clinical signs of respiratory 
PRRS include lethargy, anorexia, dyspnea and a rough hair coat. PRRSV is now 
prevalent in almost all swine producing countries with the exception of Scandinavia 
(Rautiainen et al., 2001; Carlsson et al., 2009), Switzerland (Corbellini et al., 2006), New 
Zealand (Beltran-Alcrudo et al., 2007) and Australia (Garner et al., 1997). PRRSV is 
arguably the most economically costly diseases in swine in the US and has been 
estimated to cost U.S. swine producers upwards of $664 million annually (Holtkamp et 
al., 2013). 
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 PRRS Etiology and Epidemiology   
Porcine reproductive and respiratory syndrome virus is the etiological agent of 
porcine reproductive and respiratory syndrome (PRRS). This virus is a member of the 
Arteriviridae family that is grouped into the order Nidovirales along with Coronaviridae, 
Roniviridae and Mesoniviridae (Nga et al., 2011; Snijder et al., 2013). PRRS is most 
closely related to Lactate Dehydrogenase-elevating virus (LDV) in mice (Murtaugh et al., 
2010), but is also related to Equine Arteritis virus (EAV), Simian Hemorrhagic fever 
(SHFV) (Han and Yoo, 2014) and more recently Wobbly Possum Disease virus (WPDV) 
(Dunowska et al., 2012). PRRSV is a small enveloped, positive single-stranded RNA 
virus, approximately 15 kb in length (Pujhari et al., 2014). Transmission of PRRSV 
primarily occurs by oral-nasal contact or contact with urine or feces of infected pigs. 
Mortensen et al. (2002) observed that the likelihood of PRRS infection increased as pig 
density increased and as PRRS-positive neighboring farm prevalence increased. 
Transmission can be by aerosol and Le Potier et al. (1997) reported that 45% of farms 
within 500 m (0.3 miles) of an infected farm became infected, while farms outside of 1 
km only reported a 2% infection rate. Thus, farm density can be a contributing factor to 
the prevalence of PRRS in U.S. swine production. Historically, the transmission and 
reported PRRS positive cases increase during the winter months compared to summer 
and spring, as PRRSV is most stable at low temperatures and low humidities (Hermann et 
al., 2007). The number of reported PRRS cases from 2009-2014 (Swine Health 
Monitoring Project, 2014) show that near the beginning of October there is a spike in the 
frequency of reports and an increase in the exponentially weighted moving average  
(Figure 3). The exponentially weighted moving average analysis is a statistical method 
8 
 
 
that allows for the efficient, early detection of seasonal epidemics (Sparks et al., 2011). 
However in 2014, the number of cases is less than previous years, most likely due to the 
increased biosecurity throughout the industry since the onset of PED.  
 
Porcine Epidemic Diarrhea  
Porcine epidemic diarrhea virus (PEDV) was first reported in England in the early 
1970’s (Oldham, 1972). Cases which occurred in Belgium were misdiagnosed as 
Transmissible Gastroenteritis virus (TGEV), but the lack of TGE antibodies made it 
evident this was something else. Interestingly, Rotavirus particles were also not detected, 
but there were unidentified coronavirus-like particles that were designated CV777, which 
became known as the earliest isolated strain of PEDV (Wood, 1977; Pensaert and de 
Bouck, 1978). A decade later in the 1980’s, PEDV was first reported in Asia (Takahashi 
et al., 1983) and has persisted there since (Chae et al., 2000; Puranaveja et al., 2009). In 
 
Figure 1.3. Number of EWMA analyzed PRRSV cases from 2009 to 2014. Source: Swine 
Health Monitoring Project (2014) 
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Asia, PEDV is associated with severe economic loss due to 30-100% mortality rates in 
suckling pigs (Chen et al., 2014). Fortunately, European PEDV has been of little 
economic importance, but a recent 2014 outbreak in Ukraine was projected to claim 25-
35 million pigs (Tarassevych, 2014). More than three decades after its emergence in Asia, 
PEDV was reported in the U.S. in 2013 (Mole, 2013). The PEDV strain isolated from 
U.S. pigs shared 98-99% homology with a 2012 Chinese strain, suggesting Asia as a 
possible origin (Stevenson et al., 2013). In the US, PEDV spread rapidly, from 2 reported 
cases in grower pigs in April to 84 by June (NAHLN, 2014) and killed 7-8 million 
suckling pigs from June 2013 to April 2014 (Meyer, 2014). Investigation of the initial 
outbreaks on four different farms separated by more than 100 miles determined each farm 
had a similar strain of PEDV (97-99% homology) (Stevenson et al., 2013). The route of 
initial introduction of virus to index farms is not known; however once present in a 
region, the rapid spread can be attributable to multiple routes. The virus is hardy and sick 
animal shed billions of infectious virus particles in feces. The infectious dose is low, 
therefore fecal contamination of people and fomites, especially transport vehicles, can 
play a major role in spread. The rapid spread within regions could also be due to the 
ability of the virus to spread via aerosol. Alonso et al. (2014) demonstrated genetic 
material from PEDV was detectable up to 10 miles downwind of infected farms. It was 
also demonstrated that pigs could become infected with experimental air samples. This 
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virus is highly transmissible and spreads quickly is a seasonal manner (Figure 4) (AASV, 
2015). It is reported that PEDV can remain virulent for more than 28 days at -20 °C in 
fecal slurry or at room temperature in wet feed. It has also been reported to withstand 40 
°C fecal slurry for more than 28 days, and seems to be unaffected by differences in 
humidity (30-70 %) (Morrison and Goede, 2014). Depending on the severity of death loss 
incurred, PEDV has been estimated to cost producers between $35 and $60 per 
hundredweight (Paarlberg, 2014). 
 
 
Figure 1.4. New PEDv Case Reports by Week. Accessions represent a set of received 
samples, premises represent samples from different locations. Source: AASV (2015) 
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Etiology and Epidemiology of PEDV 
Porcine epidemic diarrhea virus is the etiological agent of PED and belongs to the 
Alphacoronavirus genus, family Coronaviridae, order Nidovirales. Other 
Alphacoronaviruses include TGEV, Porcine Respiratory Coronavirus (PRCV), Feline 
Enteric Coronavirus, Canine Coronavirus and Human Coronavirus (Saif et al., 2012). 
There are currently 5 known coronaviruses that affect the swine industry: 
Alphacoronaviruses TGEV, PEDV and PRCV, the Betacoronavirus hemagglutinating 
encephalomyelitis, and the Deltacoronavirus porcine deltacoronavirus (PDCoV) (Lager 
et al., 2015). Clinically, PEDV and TGEV are indistinguishable, but have distinct 
neutralizing antibodies and share no cross protective immunity (Pensaert et al., 1981; Lin 
et al., 2015). Clinical signs between PEDV and PDCoV infection are similar but PDCoV 
appears to have less severe clinical effects (Lager et al., 2015). 
Porcine epidemic diarrhea virus is a large, positive-sense, enveloped single-
stranded RNA virus of approximately 28 kb. The main route of transmission is fecal-oral 
and it is shed in feces (Pospischil et al., 2002). The most prominent clinical sign of PEDV 
is watery diarrhea accompanied with depression, dehydration and anorexia resulting in 
high morbidity in all ages of pigs and high mortality (50-100%) in suckling piglets 
(Stevenson et al., 2013). Older pigs will develop diarrhea within 2-7 days and show signs 
of depression and anorexia, but will recover rapidly thereafter (Saif et al., 2012). Shibata 
et al. (2000), reported that pigs less than a week old experienced severe clinical 
symptoms and death, while pigs 2 and 4 weeks old had only mild diarrhea. Older pigs (8 
and 12 weeks of age) did not show any symptoms, but did develop antibodies against 
PEDV. The severity of PEDV was further demonstrated in outbreaks that occurred in 
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Japan between September 1993 and June 1994. These outbreaks resulted in the death of 
14,000 suckling pigs, and adult pigs showing temporary decreases in appetite (Sueyoshi 
et al., 1995).  
Fecal shedding of PEDV can be detected as early as 1 day post inoculation (dpi), 
and typically persist until 9 to 11 dpi (Song et al., 2005). However, others (de Arriba et 
al., 2002a; Madson et al., 2014; Morrison and Goede, 2014) have reported PEDV to be 
shed up to 24 dpi, with peak shedding occurs 4-6 dpi. The preferred site of replication for 
the PEDV is within the enterocytes that line the villi of the small intestine, but to some 
degree of crypt cells have been shown to support PEDV replication in both the small 
intestine and colon (Kim and Chae, 2003; Neumann et al., 2009a). Infected enterocytes 
have been seen as early as 12 to 18 hours post inoculation (hpi), with a maximum reached 
between 24 and 36 hpi (Pospischil et al., 2002) followed by enterocyte lysis and 
contraction of villi. As a result of PEDV infection, pigs have severe villous atrophy with 
gradual lengthening of crypts due to regeneration of enterocytes. The markedly reduced 
villus:crypt length ratio, varying from 3:1 to 1:1, leads to malabsorption (Song and Park, 
2012; Madson et al., 2014). In neonates, villus atrophy occurring via enterocyte apoptosis 
has been reported as early as 6 hpi in vitro, increasing with time of infection and 
eclipsing at 87.4% of cells being apoptotic at 48 hpi, while in vivo apoptosis began at 3 
dpi (Kim and Lee, 2014). These authors also reported in vivo viral antigens present in the 
enterocytes at 3 dpi and increasing in the interior of the villi at 5 dpi.   
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Salmonella  
Salmonella spp. have been isolated from pigs since 1886 (Neumann et al., 2009b), 
and have been isolated from virtually all vertebrates, including livestock species and 
humans (Carlson et al., 2012). There are more than 2,500 different serovars of 
Salmonella reported from in pigs (Côté et al., 2004), but only a few serovars are primary 
causes of disease, namely S. typhimurium, S. choleraesuis, S. heidelberg and S. derby 
(Haley et al., 2012). These serovars have been predominant serovars of swine disease 
since 1986, with S. typhimurium currently being the most prevalent pathogenic serovar in 
swine in North America (Foley et al., 2008). Salmonella infections of swine can cause 
clinical disease in pigs as well as be a food safety concern, with contaminated pork 
products serving as source of foodborne illness in humans. Although human 
salmonellosis is commonly acquired from undercooked poultry, eggs and beef, 
contaminated pork products also contribute to human illness (Berends et al., 1998). It has 
been well established that pigs infected with Salmonella spp. prior to slaughter are much 
more likely to have contaminated pork products (Berends et al., 1997; Funk et al., 2001).  
 
 Salmonella Etiology and Epidemiology 
 Salmonella are small, ubiquitous Gram-negative bacteria that are very hardy and 
are able to survive in several different swine environments (Neumann et al., 2009b). 
Salmonella have several survival mechanisms making them quite adaptable and difficult 
for the host to eliminate. It can survive the low pH of the stomach and the low oxygen 
levels in the intestine. In the intestine it can outcompete resident microbes for 
establishment and then, upon entering the intestinal mucosa, it can survive the low 
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nutrient environment (Foster and Spector, 1995). The main route of transmission is fecal-
oral, but transmission can also include contaminated environment to pig (Carlson et al., 
2012). Salmonella infections generally occur in three stages: 1) colonization of the gut 
and adhesion to the lumen wall; 2) invasion of the lumen wall; and 3) dissemination to 
the mesenteric lymph nodes and other organs (Berends et al., 1996). Salmonella establish 
in the intestinal tract, with S. choleraesuis preferentially locating to the colon and the 
luminal surface of Peyer’s patches in the ileum (Pospischil et al., 1990). Clinical signs of 
all salmonellosis infections include lethargy and anorexia and typically a febrile response. 
Clinical signs of infection induced by S. typhimurium include enterocolitis, watery 
diarrhea and dehydration, while infection with S. choleraesuis can lead to septicemia and 
often results in respiratory symptoms such as coughing (Barrow et al., 2010).  
Fecal shedding of S. typhimurium and S. derby occurs as early as 2 hpi to 1 dpi and 
can persist daily for several weeks (Rostagno et al., 2011; Matiasovic et al., 2014). 
Chronic shedding has also been reported, with intermittent shedding of S. typhimurium in 
the tonsils, cecum and feces detectable up to 28 weeks after infection (Wood and Rose, 
1992). Shedding can be exacerbated by transportation stress, increasing shedding from 
asymptomatic carriers during shipping or at processing plants (Williams and Newell, 
1970; Isaacson et al., 1999).  
Salmonellosis commonly develops in immune-naïve pigs, pigs in poor hygiene 
facilities or pigs with concurrent enteric or debilitating disease (Carlson et al., 2012). 
Most disease outbreaks occur in intensive production systems, most commonly in weaned 
pigs, although suckling pigs and adults can also express the disease. Suckling pigs and 
adults are typically asymptomatic but infected (Wilcock et al., 1976). Along with fecal 
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shedding, contaminated pens can remain infectious for more than a year (Davies et al., 
2001). Feed can also be a vector for Salmonella exposure. Increased biosecurity practices 
and serological testing have reduced the number of Salmonella infections in Europe and 
the U.S. (Neumann et al., 2009b).  
 
The Pig Immune System and Immune Response 
The immune system has several barriers and mechanisms to deal with foreign insults 
from a myriad of pathogens. The immune system can be divided into two components: 
the innate immune system and acquired immune system. Innate immunity is an ancient 
system of microbial recognition that activates defenses based on structural components of 
microorganisms and viruses and is present in both vertebrates and invertebrates. Acquired 
or adaptive immunity is only present in vertebrates, including humans and livestock, and 
cartilaginous fish and relies on antigen-specific effector cells selected by receptor gene 
rearrangement (Dempsey et al., 2003). The innate system is activated almost immediately 
in response to infection while acquired immunity is not activated as quickly (Figure 5). 
These two components require each other for proper function and response which will be 
explained in the following section.  
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Innate Immune Response 
Before a pathogen can infiltrate and enter the host, it must first gain access 
through different chemical, physical, mucosal barriers, the first and most basic form of 
pathogen resistance. The intestinal epithelial barrier is an important component of the 
immune system and contributes to intestinal integrity. This physical barrier is formed by 
protein-protein interactions between cells via tight junction proteins, gap junction 
proteins and adhesion molecules. Tight junctions contribute to the transepithelial 
permeability barrier by controlling ion diffusion through the intercellular space. Tight 
junctions also contribute in the organization of the transcellular pathway because it 
participates in the polarization of the epithelial plasma membrane into apical and 
 
Figure 1.5. Host response to infection: timing of the innate and adaptive immune response  
Source: Diseases of Swine 10th ed. (Zimmerman et al., 2012b) 
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basolateral domains (Gumbiner, 1987). Tight junction proteins include claudins, 
occludins and zona occludins (ZO). Claudins are proteins characteristic of tight junctions 
and aid in cell-cell adhesion (Anderson and Van Itallie, 2009). Extracellular domains of 
occludins function in the localization of occludin to tight junctions complexes and 
regulate paracellular permeability between cells (Hartsock and Nelson, 2008). The ZO 
protein family (ZO-1, -2, -3) are peripheral membrane proteins positioned immediately 
below tight junction membrane contact points, and bind transmembrane claudins and 
occludins (Van Itallie and Anderson, 2014), as well as binding the actin cytoskeleton 
(Fanning et al., 1998). Actin cytoskeleton connects adjacent epithelial cells and forms the 
major part of the epithelial barrier. Contraction of these cytoskeletons is involved in cell 
motility and absorption, and is regulated by myosin light chain kinase (MLCK) (Yang et 
al., 2007).  
The intestinal epithelium also express cationic antimicrobial peptides, defensins 
and cathelicidins, which are activated by nuclear factor-kappa beta (NF-KB) (Hayden and 
Ghosh, 2011) and demonstrate antibacterial properties against Gram-positive and Gram-
negative bacteria (Brogden et al., 2003). Other barriers include: skin epithelia, 
bactericidal fatty acids, gut microbes and the mucous layer. These barriers are controlled 
by the flow of mucus, low pH, bile and different enzymes (Chase and Lunney, 2012). 
Salmonella is specially adapted to evade many of these natural barriers. It has adapted an 
acid-tolerance response where activation of acid-shock proteins allow for survival in low 
pH. For example, S. typhimurium has a minimum growth pH of 4.3 on minimal glucose 
medium (Foster and Spector, 1995) but can survive pH as low as 3.0 (Lee et al., 1994). 
Similarly, S. typhi, the human-adapted Salmonella strain and cause of typhoid fever, can 
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replicate at pH as low as 3.5 (Ahirwar et al., 2014). Likewise, Salmonella have adapted 
specific genes, phoP and phoQ, that provide resistance to cationic peptides like α-
defensin (Miller et al., 1989; Masuda et al., 2011). 
Pathogens often gain access into the host through the skin, respiratory tract or 
gastrointestinal tract and upon invasion, the innate immune system is activated. 
Typically, PRRSV enters the pig via inhalation or ingestion and is engulfed by 
macrophages, particularly the alveolar macrophages, where it preferentially replicates 
(Albina, 1997; Molitor et al., 1997). Infected macrophages can move to the lymphatic 
tissue and blood as viremia allowing PRRSV to spread and replicate as a systemic 
infection in several different tissues throughout the pig (Pol et al., 1991; Rossow et al., 
1994; Shin and Molitor, 2002). Upon entry into the small intestine, Salmonella colonize 
by outcompeting commensal microbes allowing closer access to the epithelial cells where 
they adhere to enterocytes, goblet cells and M cells of the ileum, all in as little as 5 
minutes (Meyerholz et al., 2002). 
The classic innate immune system response to virus and bacteria health challenges is 
recognition of pathogen-associated molecular patterns (PAMPs) by host pattern 
recognition receptors (PRRs). Pattern recognition receptors can be divided into different 
categories: those that recognize viral versus bacterial components and intracellular versus 
extracellular sensors. Common PRRs include Toll-like receptors (TLRs), retinoic-acid-
inducible gene (RIG)-1-like receptors (RLRs) and nucleotide oligomerisation domain 
(NOD)-like receptors (NLRs). Double-stranded RNA viruses are recognized by TLR 3 
and RLRs, while TLR 7 and 8 are involved with recognition of single-stranded RNA 
viruses (Takeuchi and Akira, 2010) like PRRSV and PEDV. These TLRs and RLRs are 
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mainly located in the cytoplasm of cells as viruses have the ability to bypass extracellular 
receptors.  
Bacterial components of recognition include lipopolysaccharides (LPS), endotoxin, 
lipoteichoic acid (LTA), peptidoglycan, lipopeptides and bacterial DNA (Aderem and 
Ulevitch, 2000). Toll-like receptor 4 recognizes lipid A, a primary component of LPS and 
endotoxin in Gram-negative bacteria, such as Salmonella and E. coli. Toll-like receptors 
1, 2 and 6 recognize peptidoglycans and LTA associated with Gram-positive bacteria 
(Uenishi and Shinkai, 2009) while TLR 5 recognizes flagellin present on both Gram-
positive and Gram-negative bacteria (Hayashi et al., 2001). While TLRs provide 
extracellular signaling of bacterial PAMPs, the NLRs, NOD1 and NOD2, provide 
cytosolic signaling of bacterial peptidoglycans associated with Gram-negative and Gram-
positive bacteria, respectively (Fritz et al., 2006).  
When the viral or bacterial ligand binds its respective PRR, there are two main 
signaling pathways to the nucleus: one pathway via myeloid differentiation primary 
response gene 88 (MyD88) and one via TIR domain-containing adaptor-inducing 
interferon-β (TRIF). MyD88 participates in signaling from all TLRs, except TLR3, 
promoting transcription of inflammatory cytokine genes via tumor necrosis factor (TNF) 
receptor-associated factor 6 (TRAF6). Subsequently, TRAF6 activates NF-ΚB via the 
IKK complex which leads to the induction of pro-inflammatory cytokines, namely TNF-
α, interleukin (IL)-1β and IL-6 (Kawai et al., 2001), prompting localized inflammation by 
inducing vasodilation and increasing blood vessel permeability. These pro-inflammatory 
cytokines are commonly increased in health challenged pigs, acting to reduce appetite 
and mediate muscle protein degradation (Hart, 1988; Johnson, 1997, 1998; Bluthé et al., 
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2000; Buchanan and Johnson, 2007). Pigs infected with PRRSV demonstrate an elevation 
IL-1β (van Reeth and Nauwynck, 2000; Escobar et al., 2004), IL-6 (Escobar et al., 2004; 
Barbé et al., 2011), TNF-α (van Reeth and Nauwynck, 2000) and IL-10 (Han and Yoo, 
2014). Interleukin-10 acts as an immunosuppressive cytokine (Singh and Thirumalapura, 
2014) that aids PRRSV in weakening the immune system.  
The TRIF pathway is MyD88 independent and activates interferon regulatory factor 
(IRF)-3 which induces transcription of type I interferons (IFN) (Yamamoto et al., 2002; 
Uenishi and Shinkai, 2009). Type I IFNs, produced by dendritic cells and macrophages, 
are involved in viral elimination by inducing apoptosis of infected cells and provide viral 
resistance to infected and uninfected cells (Takeuchi and Akira, 2009). Type 1 IFNs also 
improve natural killer (NK) cell function and antigen presentation. Natural killer cells are 
innate immune cells activated in the first 3 dpi that can kill a variety of nucleated cells 
without previous antigenic exposure (Chase and Lunney, 2012).  
PRRSV and PEDV have the ability to limit type I IFN activation through different 
mechanisms. Miller et al. (2009) showed PRRSV suppresses IFN-α transcription by 
TLR3, while Han et al. (2013) demonstrated PRRSV inhibits non-structural protein-1 
degrades cyclic AMP responsive element binding-binding protein (CREBP), a precursor 
of IFN gene expression. Activation of IRF3 is impeded by PEDV, thereby inhibiting type 
I IFNs (Ding et al., 2014). Interferon-β expression can also be inhibited by PEDV by 
inactivation of RLRs (Xing et al., 2013). Although the mechanism is not clear, PRRSV 
has been reported to suppress NK cell activity as early as 2 dpi (Dwivedi et al., 2012). 
Decreased IFN production coupled with increased IL-10 and suppressed NK cell activity 
help PRRSV persist and become chronic, increasing the pigs susceptibility to secondary 
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infections. In conventional production, PRRSV is commonly seen with Actinobacillus 
pleuropneumoniae, Mycoplasma hyopneumoniae and Streptococcus suis, as well as SIV 
and PRCV in conventional production (Zeman et al., 1993; van Reeth and Nauwynck, 
2000; Bush et al., 2003). 
Bacterial sensors NOD1 and 2 activate NF-ΚB, through MyD88 and TRIF 
pathways or independently, regulating expression of adhesion molecules in leukocytes 
and endothelial cells. This transcribes genes encoding pro-inflammatory cytokines and 
chemokines, and functions in the recruitment and survival of neutrophils in toxic 
conditions (Eck et al., 1993; Ward et al., 1999; Hayden and Ghosh, 2011; Caruso et al., 
2014; Hayden and Ghosh, 2014). Similar to PRRSV and PEDV, Salmonella increases 
secretion of IL-1β as well as IL-18 and induces activation of caspase-1 (Godinez et al., 
2009; Vance, 2015). Caspase-1 results in cytokine processing and pyroptosis, a form of 
cell death (Miao and Rajan, 2011). Secretion of IL-1β and IL-18 stimulate the 
recruitment of neutrophils and induction of interferon-gamma (IFN-γ), respectively. This 
leads to increased killing of bacteria and activation of NK cells as well as increased 
expression of T helper (Th) 1 cells of the adaptive immune response (Kagaya et al., 
1989). Also in response to Salmonella infection, IL-17, IL-22 and IL-23 are increased 
(Godinez et al., 2009; Caruso et al., 2014). Neutrophil production and recruitment are 
increased by IL-17 (Medzhitov, 2007; Basu et al., 2013) and IL-23 (Behnsen et al., 2015) 
and, although not present in immune cells, IL-22 is present in the digestive tract 
promoting antimicrobial defense and protects/ against damage, increased proliferation 
and migration of pathogens (Wolk and Sabat, 2006; Wolk et al., 2006). 
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Activated macrophages and neutrophils phagocytize opsonized intracellular and 
extracellular bacteria. Opsonization occurs via acute-phase proteins, increasing the 
efficiency of phagocytosis (Tjomsland et al., 2011), and is stimulated by IL-1β, IL-6, and 
the complement system (Medzhitov, 2007). The complement system has the ability to 
opsonize pathogens, and can also recruit phagocytes to the infection site and directly kill 
pathogens by forming a membrane-attack complex (Carroll and Fischer, 1997). During 
this acute phase response, free iron becomes limited by increased transferrin as iron is an 
important characteristic of virulence in pathogens (Otto et al., 1992). 
Salmonella are able to alter two key phagocyte responses, acidification and 
oxidative burst. S. typhimurium has the ability to delay the acidification response of 
phagosomes and when acidification occurs, virulence gene transcription occurs (Alpuche 
Aranda et al., 1992). S. typhimurium can adapt resistance to oxidative stress from 
hydrogen peroxide and superoxide via two regulons, oxyR and soxRS, respectively. OxyR 
is the transcriptional activator of KatE and KatG, genes for peroxide-destroying enzymes 
catalase that convert hydrogen peroxide into oxygen and water (Foster and Spector, 
1995). The soxRS gene increases the synthesis of manganese-containing superoxide 
dismutase, endonuclease IV, and glucose-6-phosphate dehydrogenase (Pomposiello and 
Demple, 2000). The soxRS regulon is also induced by nitric oxide, a common killing 
mechanism of macrophages (Nunoshiba et al., 1993). Salmonella also interfere with host 
cellular signaling by type III secretions, proteins secreted from Salmonella into the host 
cell that alter host response and facilitate pathogenesis (Hueck, 1998; Hurley et al., 
2014).  
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Adaptive Immune Response 
While the innate immune system is phagocytosing viral and bacterial pathogens, 
dendritic cells begin activation of the acquired immune response. Dendritic cells 
phagocytose phagosomes to present antigenic peptides which are presented on the cell 
surface by major histocompatibility complex (MHC) class I molecules and MHC class II 
molecules, for virus and bacteria respectively (van Reeth and Nauwynck, 2000; 
Medzhitov, 2007; Van Montfoort et al., 2014). In pigs, the MHC complexes are 
sometimes referred to as swine leukocyte antigen (SLA). Antigen presentation results in 
stimulation of B cells and T cells.  
In the case of bacteria, antigen presentation is primarily stimulated by Th cells. T 
helper cells can differentiate into two cell types: IFN-γ producing Th1 cells or IL-17 
secreting Th17 cells, depending on the cytokines present. Th1 cells provide resistance to 
microbes and activate antimicrobial actions of macrophages (Banchereau and Steinman, 
1998) while Th17 cells promote neutrophil recruitment and B cell class switching to 
immunoglobulin (Ig) A (Medzhitov, 2007), an antigen neutralizer that prevents 
attachment to epithelial surfaces (Mazanec et al., 1992).  
Viruses are mainly cleared by cytotoxic T cells (CTLs), namely CD8+ CTLs, 
which recognize antigen-presenting cells and kill intracellular pathogens (Chase and 
Lunney, 2012). This recognition process can be aided by CD4+ T cells and Th cells. 
CD4+ cells can also aid in the priming and memory of CD8+ T cells and activation of B 
cells (Sant and McMichael, 2012). Similarly, differentiation of CD4+ and CD8+ T cells 
is influenced by B cell antibody production and enhanced by type I IFNs. After an 
infection, T cells are crucial for induction of humoral memory in the primary response 
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but become less important in the secondary response, when neutralizing antibodies play a 
large role in protection against reinfection (Edghill-Smith et al., 2005).  
Neutralizing antibody secretion is a main function of B cells, aiding in clearance 
of viruses, especially in response to a reinfection. Common neutralizing antibodies found 
in pigs are IgG and IgA, which aid in systemic and gastrointestinal challenge, 
respectively (Saif et al., 2012). Increased IgG and IgA antibody secreting cells in gut 
associated lymphoid tissues are seen in pigs exposed to PEDV and TGEV (de Arriba et 
al., 2002b). Similarly, in vitro infection with PEDV demonstrated cell-mediated 
immunity (B and T cell response) occurs in lymph and systemic tissues, protecting them 
from reinfection of the same virus (de Arriba et al., 2002a). This antigenic memory from 
memory B cells allows for a quick immune response and more pathogen specific 
antibodies when an animal is reinfected with the same pathogen (Dörner and Radbruch, 
2007). These pathogen specific antibodies also aid in diagnostic determination of immune 
response, namely seroconversion.  
Seroconversion refers to the time when a specific antibody becomes detectable in 
the blood and the corresponding antigen becomes undetectable. Pigs infected with 
PRRSV reach peak serum viremia 4 to 7 dpi and all have seroconverted by 14 to 28 days 
(Greiner et al., 2000; Zimmerman et al., 2012a). There is evidence that older pigs elicit a 
faster immune response than younger pigs, and the strain of PRRSV greatly affects this 
response, with an attenuated, less virulent, strain being cleared much faster than the more 
virulent strain (Figure 6). PEDV antigen is detectable in villous enterocytes as early as 24 
hpi in all intestinal segments, with almost all pigs expressing antigen in the enterocytes 
by 2 dpi. Peak antigen excretion occurs at 4 to 5 dpi and is still detectable at 14 dpi (Song 
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et al., 2005; Madson et al., 2014). Clearance of PEDV antigen seems to be correlated 
with appearance of antibodies, or seroconversion, occurring around 10 dpi (de Arriba et 
al., 2002b; Madson et al., 2014).  
 
Swine Nutrition and Health 
Production animals require optimal nutrition for optimal growth and production, 
which is impeded by disease. Animals commonly demonstrate reduced growth and feed 
intake when challenged by disease and therefore, nutritional requirements can be 
considerably different than when healthy. These differences can be attributed to 
inadequate ingestion of nutrients, malabsorption, impaired metabolism, and/or increased 
nutritional turnover rates induced by different diseases. Nutrient dependent activities may 
Figure 1.6. Viremia in swine infected with different PRRSV strains at different ages. 
Open bars represent infection with virulent JA142 PRRSV, solid or closed bars 
represent infection with attenuated ATP PRRSV. Source: Butler et al. (2014) 
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also be expanded during disease to accommodate increased rates of metabolic activity 
(Physician Therapeutics, 2012).   
 
Health Status and the Impact on Pig Growth  
The impact of PRRSV infection on growth performance and feed efficiency has 
been well explained, both experimentally and clinically (Hopper et al., 1992; 
Christianson and Joo, 1994; Greiner et al., 2000; Escobar et al., 2004). Decreases in ADG 
from 32% to over 50% have been reported (Greiner et al., 2000, 2001; Toepfer-Berg et 
al., 2004). Reductions in ADFI are similar, with reportedly around 30% (Greiner et al., 
2000; Regula et al., 2000; Escobar et al., 2006). Reductions in feed efficiency have been 
debated, as some report no difference (Toepfer-Berg et al., 2004), while other report 
reductions (Escobar et al., 2006). Similar results were seen with pigs infected with S. 
choleraesuis, with reduction of ADG and ADFI by 25% (Fraser et al., 2007). In a meta-
analysis of bacterial infections impact on growth and efficiency in broilers, it was 
determined that Clostridium spp., Escherichia coli, and Salmonella spp. reduced growth 
rates by 40%, 11% and 29%, respectively from healthy birds (Remus et al., 2014). In the 
same study, daily feed intake was reduced by 16%, 7% and 10% respectively. In suckling 
pigs infected with rotavirus, growth was reduced at 2 and 3 dpi by as much as 95%, most 
likely due to water loss from diarrhea (Corl et al., 2008; Jacobi et al., 2013). There is 
currently one report characterizing the impact PEDV has on growth performance. In 3-
week-old pigs it was reported that ADG was reduced by 75% during the first week of 
challenge, with many pigs losing weight, but no differences were reported thereafter 
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(Madson et al., 2014). However, reductions in feed efficiency and feed intake have not 
been characterized during PEDV infection.  
Other models have been used to induce immune stimulation in pigs such as LPS 
injection or exposure to environmental antigen. Reduction in ADG, ADFI and GF can be 
as high as 30%, 22% and 21%, respectively with reductions most evident early in life 
(Williams et al., 1997c). In a review of different immune challenges in growing pigs by 
Pastorelli et al. (2012), digestive bacterial infections and respiratory diseases decreased 
ADG (17 and 16%, respectively) and ADFI (8 and 16%, respectively), but there was 
large variation, implicating that different strains and different ages of pigs greatly affect 
the challenge results.  
 
Digestibility  
Effectiveness of a diet is generally evaluated based on growth performance and 
digestibility. Growth performance is assessed by weekly BW and feed intake providing: 
ADG, ADFI and G:F ratio. Nutrient digestibility can be used to evaluate how much of a 
specific nutrient or diet is being absorbed and utilized by the pig. The broadest measure 
of digestibility is apparent total tract digestibility (ATTD) (Stein et al., 2007). This 
method compares feces against feed for a given nutrient, and is easy to obtain from live 
animals. The downfall of ATTD is that it cannot account for endogenous losses or where 
digestion is occurring (small intestine verses large intestine).  
As the small intestine is the primary site for nutrient (amino acids, glucose, lipids) 
digestion, a better method of determining digestibility is apparent ileal digestibility 
(AID). Digesta is collected from the distal ileum using a surgically implanted cannula or 
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following euthanasia. Thus, AID eliminates microbial fermentation of the ceca and large 
intestine but still does not account for endogenous losses in the small intestine. To 
account for basal endogenous losses, standardized ileal digestibility (SID) is a common 
method, using protein-free diets to determine endogenous proteins. Although quite 
difficult to obtain, making it a less used method, the most accurate estimation of 
digestibility is true ileal digestibility (TID).  
Digestibility can be calculated for several parameters including: dry matter, 
nitrogen, energy, different minerals and crude fat, and varies greatly based on the 
composition of a diet, and can also be influenced by immune status, thermoregulation and 
metabolic rate (Brestenský et al., 2012; Rakhshandeh et al., 2012). Digestibility can also 
be influenced by endogenous factors (breed, gender, physiologic state) and exogenous 
factors (dietary amino acid profile, anti-nutritional factors, feed intake, and 
pathogens/disease). Similarly during an enteric challenge, like inoculation with S. 
typhimurium, the gut has a higher demand for nutrients and energy for the production of 
mucins, digestible enzymes and enterocytes (Escobar, 2014).  
Interestingly, there is no reported data on the impact of PRRSV or PEDV on ileal 
or total tract digestibility. However, different methods have been used to demonstrate the 
impact of health challenges on digestibility. Immune stimulation has been shown to 
decrease AID of nitrogen (Rakhshandeh et al., 2012), and total tract nitrogen digestibility 
(Williams et al., 1997a; Rakhshandeh et al., 2012) in response to LPS injection and 
environmental antigen exposure, respectively. Similarly, it has been established for quite 
some time that immune stimulation leads to negative overall nitrogen balance (Grossman 
et al., 1945; Williams et al., 1997a; de Ridder et al., 2012). There are reports that S. 
29 
 
 
enterica challenge alters ileal digestibility of specific amino acids. Reduced digestibility 
of arginine, methionine, phenylalanine and threonine were reported 24 hpi while AID of 
histidine, leucine and lysine were unaffected (Escobar et al., 2010). In poultry, acute 
infection with Eimeria acervulina, a parasite causing coccidiosis, decreases digestibility 
of energy and amino acids, namely threonine, lysine and arginine (Persia et al., 2006). 
Along with decreased AID, there is an increase in endogenous losses of amino acids 
(Escobar et al., 2010). 
Also contributing to digestibility and intestinal function are digestive enzymes 
secreted by the brush border membrane such as disaccharidase, aminopeptidases and 
trypsinogens along with other pancreatic enzymes. As gut maturation occurs, there is a 
shift in brush border enzyme production from the enterocyte, with decreased lactase 
production and increased maltase and sucrose (Rådberg et al., 2001). Aminopeptidase, 
dipeptidase and alkaline phosphatase production is initially decreased in some tissues at 
weaning but redistributes and stabilizes (Egorova et al., 2001). Jung et al. (2006) did a 
comprehensive study examining the effect of PEDV on brush border enzyme activity. 
Interestingly, lactase and sucrase enzyme activity were significantly higher in infected 
pigs at 24 hpi, but severely declined afterwards to levels below that of uninfected pigs. 
Maltase was also reduced at 36 hpi onward. Alkaline phosphatase activity was 
significantly higher until 48 hpi in infected pigs, and aminopeptidase activity was 
decreased from 48 hpi onward. Decreases in brush border enzyme activity indicate that 
after villi atrophy and fusion, diarrhea is caused by both inefficient digestion and 
absorption. There is also reduced surface area. The initial increase in enzyme activity at 
24 hpi may be a result of rapid destruction of infected enterocytes.       
30 
 
 
With reported changes in digestibility and digestive enzyme activity during 
immune challenge, it has been proposed that nutrient and energy requirements change 
during infection, specifically amino acid requirements. The participation of nutrients in 
the host immune response to pathogens suggests that nutrient requirements shift during 
disease. Although specific nutrient requirements for specific diseases have not been 
established, research is being done in this field to better understand how requirements 
shift. Reeds et al. (1994) proposed that during an acute phase response, priorities shift in 
regards to which amino acids are limiting. Based on the amino acid makeup of different 
acute phase proteins, Reeds et al. proposed phenylalanine was the first limiting amino 
acid, providing no excess amino acids or nitrogen. Other amino acids given priority 
during challenge included tryptophan, tyrosine, valine and the sulfur amino acids. From 
this data, calculations determined that roughly 200 g of muscle protein must be mobilized 
to meet this new amino acid demand. In accordance with this data, Price et al. (2012) 
demonstrated an increase in plasma urea nitrogen at 8 hours post-LPS challenge. 
Interestingly, plasma phenylalanine concentrations were increased at 8 hpi, providing 
evidence of the proposed shift in amino acids. Similar reports of increased plasma 
phenylalanine concentrations have been reported in sepsis patients (Druml et al., 2001). 
Price et al. also demonstrated an increase in alanine, a gluconeogenic substrate.  
Supplementation of amino acids has shown some beneficial effects during 
infection. Supplementation with arginine in rotavirus infected neonatal pigs increased 
crypt depth 30-60%. Crypt elongation may be potentially beneficial as crypt depth 
reflects regenerative activity of the mucosa. Arginine also increased jejunum mucosal 
resistance in culture, indicating increased intestinal integrity (Corl et al., 2008). Similarly 
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in cultured intestinal cells, arginine increased protein synthesis by activation 
(phosphorylation) of p70S6K, an activator of the mammalian target of rapamycin (mTOR) 
pathway involved with cell proliferation and protein synthesis (Corl et al., 2008). 
Recently, soybean meal (SBM) and tryptophan have received attention in regard to 
performance of diseased pigs. It has been suggested by Johnston et al. (2010) that high 
SBM levels significantly reduce negative effects on ADG and G:F resulting from 
inflammation of disease. Although mechanisms for this adjuvant remain unclear, anti-
inflammatory components of SBM such as isoflavones may be involved. Additionally, de 
Ridder et al. (2012) reported that tryptophan requirements may be increased during 
infection because tryptophan used for protein deposition is utilized less efficiently.  
There have been limited reports of dietary energy and immune challenge. In 
feedlot cattle diagnosed with bovine respiratory disease, increases in dietary energy from 
0.86 NEg/kg to 1.07 NEg/kg DM showed no differences in morbidity. There was also no 
difference in serum acute phase proteins and no difference in ADG (Fluharty and Loerch, 
1996; Berry et al., 2004a; Berry et al., 2004b).  
 
Intestinal Function and Integrity 
Also associated with digestion and absorption is the guts ability to regenerate villi 
to increase surface area for nutrient absorption. Villi in neonatal pigs are twice as long 
compared to weaned pigs, providing more absorptive capacity, but once the pig is around 
3 weeks old, villi begin to shorten. Also at 3 weeks, villi regenerate much faster 
compared to neonates, taking 3 days compared to 10 days, respectively (Moon, 1971). 
Along with villous shortening, crypt depth is increased. Similarly, Pluske et al. (1997) 
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reported that upon weaning, a reduction in villi length and crypt depth occurs. This 
phenomena is suggested to be caused by reduced rate of cell renewal in the villi, with a 
reduced number of enterocytes lining the villi (Hampson, 1986). Crypt cell production 
has also been shown to be decreased, which is attributed to suboptimal energy and 
protein intake (Hall and Byrne, 1989). These reductions in morphology often persist 3-7 
days post-weaning but are usually restored by 14 days post-weaning (Thomson and 
Friendship, 2012). Decreases in intestinal permeability are also related to weaning 
(Boudry et al., 2004). Therefore, weaning stress compromises gut integrity leading to an 
increased ability for opportunistic pathogens to enter the body and lead to diarrhea or 
infection.  
There is limited work done on the impact of PRRSV on intestinal morphology. 
Escobar et al. (2006), is the only group to report, noting a marked decrease in villus 
height and crypt depth at 7 dpi. Villus height was reduced at the cranial, medial and 
caudal segments of the small intestine by 43%, 35% and 55%, respectively. Crypt depth 
was similar with 39%, 28% and 36% at the cranial, medial and caudal segments, 
respectively. Reduced villi and crypts are most likely due to the reductions in feed intake, 
similar to results reported in weaned pigs, where villous and crypt atrophy occurs (Pluske 
et al., 1997).  
Live animal work done with PEDV has almost exclusively been with the 
architecture of the gastrointestinal tract, although it has focused mainly in neonatal or 
suckling piglets. As previously mentioned, PEDV replicates in small intestine villi 
enterocytes, causing severe watery diarrhea and leads to maldigetstion and 
malabsorption, causing up to 100% mortality in suckling piglets and diarrhea in all ages 
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of pigs. The GIT of infected piglets is often empty with thin small intestinal walls. Villus 
atrophy is a hallmark of PEDV infection both clinically and experimentally (Debouck 
and Pensaert, 1980; Kim and Chae, 2000, 2003; Saif et al., 2012; Stevenson et al., 2013; 
Madson et al., 2014), occurring as early at 24 hpi but prevalent in nearly all infected pigs 
at 2 dpi, with the greatest reductions occurring at 36 and 48 hpi (Jung et al., 2006). 
Villi:crypt ratio can be reduced from 7:1 (normal for suckling pigs) to 3:1 (Jung et al., 
2008; Kim and Lee, 2014) and has been reported at 1:1 or less (Stevenson et al., 2013).  
In calves, S. typhimurium challenge resulted in inflammation that lead to erosion 
of the epithelium and necrosis of intestinal mucosa (Tsolis et al., 1999). Similarly, 
infection of rotavirus has been shown to decrease villus height, increase crypt depth and 
decrease lactase activity by 59%, 21% and 91%, respectively, in neonatal pigs (Jacobi et 
al., 2013) and, consequently, villus:crypt ratio was reduced 67% by rotavirus. 
The GIT not only absorbs potential nutrients, but it utilizes absorbed nutrients 
before they can reach portal circulation. In young pigs, up to 50% of dietary amino acids 
such as lysine, glutamine, leucine and threonine are used by the gut. There is a shift in 
amino acid utilization by the gut as the pig ages but one consistency is the gut pulling 
glutamine from circulation for use (negative portal flux) (Burrin et al., 2001). These 
amino acids are used to form mucins, biosynthesis of other amino acids and used by the 
gut for energy and regeneration.    
Intestinal integrity and barrier function can also be impacted by infection and can 
be measured by quantifying membrane resistance, as epithelia express polarity and 
tightness (Cereijido et al., 2004). Tightness can be measured by transepithelial resistance 
(TER), generated by the membrane tight junction and ion flux, with a higher TER 
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indicating low permeability. Voltage across the epithelium can also be an indicator or ion 
transport across the barrier. This voltage can be indicative of active transport across the 
membrane. Eliminating osmotic and electrochemical gradients, the resulting movement 
of ions across the membrane is due to active transport (Ma and Anderson, 2006). 
Macromolecule permeability can also be an indicator of a more permeable intestinal 
epithelium. The use of fluorescently labeled molecules like fluroisothiocyanate (FITC)-
dextrans (4.4 kDa) provide a useful marker of macromolecule permeability and intestinal 
paracellular leakiness (Westrom et al., 1984). Labelled macromolecules that usually have 
low permeability under normal health conditions are placed on the mucosal side of the 
intestinal tissue, and over time their concentrations are measured on the serosal side. 
Spectrophotometers can detect concentration based on the fluorescent signal or 
radiolabelled compound be used. Thereafter, a calculated permeability coefficient 
represents the amount of dextran passed from mucosal to serosal sides taking into 
account tissue area and molecule concentration.   
There are limited reports characterizing the effect of PRRSV and PEDV on 
intestinal integrity. Zhao et al. (2014) reported on the effect of PEDV and TGEV, alone 
or in combination, on intestinal integrity measures in IPEC-J2 cells. It was reported that 
at 60 minutes post inoculation, TGEV and co-infection of TGEV and PEDV reduced 
occludin protein expression while PEDV, TGEV and co-infection reduced ZO-1 protein 
expression. Interestingly, claudin-1 expression was unaffected by treatment and all tight 
junction protein expression was similar among all treatments at 24 hpi. Due to alterations 
in tight junction proteins, macromolecule permeability was significantly increased by 
TGEV at 40 minutes post inoculation and by 60 minutes post inoculation, all treatments 
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reported increased permeability. In the same study, TER was reduced at 20 and 60 
minutes post PEDV inoculation but was unchanged at 40 minutes and restored by 2 hpi. 
Similarly, TGEV infection, alone or in combination, gradually reduced TER from 20 to 
60 minutes post inoculation but was restored by 2 hpi and remained unchanged thereafter. 
It was suggested that the alterations in intestinal integrity were due to activation of the 
MAPK pathway by TGEV and PEDV (Zhao et al., 2014). 
Other models simulating disease challenge have been used. Rakhshandeh et al. 
(2012) reported no difference in TER between control pigs and LPS challenged pigs. This 
same study reported increased active transport of glucose and phosphorus across the 
ileum. In early-weaned pigs challenged with E. coli, TER was dramatically reduced and 
FD4 flux was elevated and intestinal villi were atrophied (McLamb et al., 2013). 
Similarly, E. coli significantly reduced the TER of pig intestine cells in culture (Johnson 
et al., 2010). In culture, rotavirus was reported to alter localization of the tight junction 
proteins, claudin-1, occludin and ZO-1, resulting in decreased TER and increased 
permeability (Nava et al., 2004).   
 
Tissue Accretion 
Presently, Escobar et al. (2004) is the only published study to quantify impact of 
PRRSV on tissue accretion rates using a serial slaughter technique. In this method, two 
similar animals are paired, with one being harvested at an initial time point and the other 
at a final time point. Serial slaughter allows calculation of tissue accretion rates of 
protein, lipid and bone from time point to time point (Haydon et al., 1989; Rivera-Torres 
et al., 2011). A newer method, Dual-energy X-ray Absorptiometry (DXA), allows for 
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animals to be scanned for determination of soft tissues (e.g. lean, fat, viscera) and bone 
(Mazess et al., 1990; Suster et al., 2003), and allows for the same animal to be used 
throughout the duration of the study, limiting variance between different animals seen in 
the serial slaughter technique. In the study by Escobar et al., tissue accretion from 0-7 dpi 
and 7-14 dpi was measured on weanling pigs. Results indicated a 41% and 63% reduction 
in protein and lipid accretion, respectively, from 0-7 dpi and a 67% and 100% reduction 
from 7-14 dpi. Body composition was also determined on these pigs, showing similar 
protein composition at 0-7 dpi, but reduced protein at 7-14 dpi and reduced lipid 
throughout.  
Reductions in tissue accretion in immune stimulated pigs has been well documented 
(Williams et al., 1997a, b, c; Rakhshandeh et al., 2014). These studies also reported 
differences in body composition, with immune stimulated pigs composed of less fat and 
protein. It has been proposed that tissue accretion decreases during immune challenge 
due to decreased feed intake, not supporting excess amino acids for protein synthesis 
(Goodband et al., 2014). At the same time, shifts in the ratio of lean to adipose tissue 
accretion rates exist.  
Tissue accretion rate reductions, especially protein accretion rates, are decreased 
in response to the secretion of inflammatory cytokines, namely IL-1β, IL-6 and TNF-α. 
These are upregulated during PRRSV infection, and all are known to cause tissue damage 
and induce anorexia and lethargy (Johnson, 1997; Buchanan and Johnson, 2007).  
Increased circulating cytokines, specifically TNF-α, can lead to decreases in serum 
insulin-like growth factor (IGF)-1 concentration (Frost et al., 1997). Similarly, S. 
typhimurium, S. choleraesuis and LPS infection reduced plasma IGF-1 with no change in 
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circulating growth hormone (Balaji et al., 2000; Wright et al., 2000; Fraser et al., 2007). 
Reduction of plasma IGF-1 is a good indicator as to why immune stimulated pigs have 
reduced protein accretion rates, as IGF-1 is associated with skeletal muscle hypertrophy 
(Stitt et al., 2004). Tumor necrosis factor-α can also induce lipolysis in as few as 6 hours 
via activation of the MAPK pathway (Rydén et al., 2002; Zu et al., 2009). This could 
explain the reductions in lipid accretion and reduced carcass lipid in PRRSV infected 
pigs as TNF-α secretion is evident during infection.      
     
Conclusions 
In conclusion, there has been little work done determining the effect of PRRSV 
and PEDV in grow-finish pigs. Several groups have investigated the immune response to 
PRRSV in neonatal pigs and to a lesser extent grow-finish pigs. Surprisingly, there are 
few papers that characterize what PRRSV specifically does to ADG, ADFI, and G:F, 
which is where producers incur losses and added cost. Tissue accretion has been poorly 
characterized with exception of one study while digestibility has not been explored. 
PRRSV effect on intestinal integrity has been largely unexplored. This could be a major 
area of research to try and prevent secondary bacterial infections commonly seen with 
PRRSV.  
Similarly, PEDV is somewhat characterized in suckling pigs, which are arguably 
most affected by the virus, but work in grow-finish pigs is almost nonexistent. There is 
little data available investigating the immune response to PEDV, and no data determining 
its effect on growth performance and feed efficiency. It has, however, been well 
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established that it induces villus atrophy and crypt hyperplasia in suckling pigs but it has 
not been reported in grow-finish pigs. Similarly, there is no data on intestinal integrity 
and the effect of PEDV on circulating endotoxin or other potential indicators that PEDV 
can be responsible for secondary infections.  
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Abstract 
Porcine reproductive and respiratory syndrome virus (PRRSV) is a major swine 
virus that causes reproductive impairment in sows, as well as respiratory disease, 
reduction in growth rates, and mortalities in all ages of pigs. The objective of this study 
was to quantify the impact PRRSV has on grow-finisher pig feed efficiency and tissue 
accretion rates. Thirty PRRSV naive, littermate pairs of maternal line Choice Genetics 
gilts (33 ± 3 kg BW) were selected and pairs split across two barns consisting of five 
59 
 
 
pens (n = 6 pigs/pen/barn). Pigs in both barns were fed corn-soybean-DDGS diets. All 
pigs had ad libitum access to feed and water. All pigs in one barn were inoculated 
(CHAL) via an intramuscular injection of a live, contemporary PRRSV strain isolated 
from the region (0 days post inoculation, dpi), while pigs in the other barn were given a 
saline control injection (CONT). Pig performance (ADG, ADFI, G:F) in both barns was 
assessed from 35 kg BW until each group reached market BW (128 kg). Additionally, 
longitudinal apparent total tract digestibility (ATTD) and body composition was assessed 
using Dual-energy X-ray absorptiometry (DXA) to estimate lean, protein, fat and bone 
accretion rates. Serological data from CHAL pigs showed that PRRSV titers were present 
at 7 dpi and these pigs were positive for antibody by 35 dpi. CONT pigs remained naïve 
to CHAL throughout the study by antibody and gene assays.  Infection with PRRSV 
reduced (P < 0.001) ATTD of dry matter, energy and nitrogen by 3-5% at 21 dpi and the 
reduction in ATTD remained even after 70 dpi. Compared to the CONT, CHAL pigs had 
decreased ADG (0.90 vs. 0.80 kg/d, P = 0.002), ADFI (2.06 vs. 1.93 kg/d, P = 0.032), 
and G:F (0.44 vs. 0.41 kg/d, P > 0.05) over the entire test period. The CHAL pigs also 
had attenuated DXA predicted whole body lean (547 vs. 633 g/d, P = 0.001), protein (109 
vs. 126 g/d, P = 0.001) and fat (169 vs. 205 g/d, P = 0.001) accretion rates compared to 
their CONT counterparts from dpi 0-80. Based on carcass data at slaughter (and 
consistent with the DXA data), CHAL pigs had leaner carcasses and reduced yields. 
These data clearly demonstrate that PRRSV infection reduces digestibility, feed 
efficiency and protein accretion rates in grow-finisher pigs. 
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Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV) causes reproductive 
impairment in sows and respiratory distress in all ages of pigs. This virus is estimated to 
cost the pork industry $664 million annually, mainly stemming from loss of production 
(Holtkamp et al., 2013). Despite numerous reports on the impact of PRRSV on growth 
rates and immunity in grow-finish pigs, information on how PRRSV antagonizes tissue 
accretion rates, digestibility, and feed efficiency is surprisingly limited.  
Continuous immune stimulation and inflammatory responses can antagonize anabolic 
growth factors and suppresses muscle growth (Johnson, 1997; Spurlock, 1997; Broussard 
et al., 2003). Recent reports indicate that serum pro-inflammatory cytokine concentrations 
are elevated early after PRRSV infection (Lunney et al., 2010).  In addition, Che et al., 
(2012) observed that PRRSV-infected pigs experienced increases in pro-inflammatory 
cytokines (e.g., tumor necrosis factor-α) as well as acute phase proteins (e.g., C-reactive 
protein and haptoglobin) at d 7 and 14 post-infection.  
Pigs with reduced health status often exhibit reduced appetite and feed intake, and have 
altered nutrient utilization in a tissue-specific manner (Johnson, 2002). Collectively, it is 
assumed that the associated growth depression and diversion of nutrients away from tissue 
accretion ensures that adequate energy and nutrients are available for high priority 
immunological and homeostatic pathways. This is exemplified by the fact that pigs raised 
in sub-optimal environmental conditions and exposed to inflammatory stimuli have 
61 
 
 
decreased protein deposition rates (Williams et al., 1997c). Interestingly, research 
conducted by Escobar et al. (2004) is unique in that it is the only experiment conducted 
with the objective of examining the impact of PRRSV infection on tissue accretion rates. 
These data showed that nursery pigs infected with PRRSV had reduced protein accretion 
over a 28 d period. However, the effects of PRRSV infection on grow-finisher pig lifetime 
performance, tissue accretion rates, and feed efficiency has been poorly defined.  
Therefore, the objective of this study was to determine the longitudinal impact PRRSV 
has on grow-finisher pig energy and nutrient digestibility, whole body tissue accretion 
rates, and feed efficiency. Additionally, the economic impact of grower pigs infected with 
PRRSV was evaluated. 
 
Materials and Methods 
Animals, housing, and Experimental Design.  Animal work was approved by the Iowa State 
University Institutional Animal Care and Use Committee (IACUC# 8-12-7427-S) and 
adhered to the ethical and humane use of animals for research. Sixty, PRRSV naïve Choice 
Genetics maternal line gilts (33.6 ± 4.4 kg BW) were split across two barns, and grouped 
into five pens consisting of six pigs per pen. Barns were retrofitted conventional finishing 
barns and were located 25 miles apart. Pens in each barn had the same feeder space 
allowance, pen area and the same genetic configuration (i.e., sow offspring pairing or two 
gilts per sow in which one went to the control barn and the other to the challenged barn). 
Throughout the study pigs were allowed ad libitum access to water and feed. Both barns 
were fed a common corn-soybean-DDGS diets in five phases that met or exceeded NRC 
(1998) requirements (Table 1). All diets were made in the same feed mill.  
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After a two week acclimation period of common performance, pigs in one barn 
(CHAL; n=30 gilts) were inoculated i.m. with 1,000 genomic units of a live field strain of 
PRRSV (ORF5-RFLP 1-18-4) common to northern Iowa and those in the second barn 
served as control pigs (CONT; n=30 gilts injected i.m. with saline). Body weight was 
measured immediately prior to PRRSV inoculation (0 days post inoculation [dpi]) and at 
7, 14, 21, 28, 35, 42, 56, 70 dpi and when the pigs reached market BW (approximately 128 
kg BW, dpi 105 and 119). Pen feed intake was recorded weekly and pen feed efficiency 
was calculated. The growth study ended when the average pig BW within a treatment (i.e., 
in each barn) reached approximately 128 kg. Thereafter, all pigs were slaughtered and 
carcass data collected from the slaughter plant (Tyson Foods, Storm Lake, IA). Shipping 
and pre-slaughter handling were constant for each group. Hot carcass weight (HCW), fat 
depth and loin muscle depth were collected off the midline of the posterior portion of the 
loin. Carcass composition data were used to calculate percent lean using the following 
equation: 58.86 – [fat depth (mm) × 0.61] + [loin depth (mm) × 0.12]. 
 
Whole body composition analysis.  Following an overnight fast, on -1, 42, and 80 dpi, pigs 
were transported to a biosecure test facility and scanned through dual-energy X-ray 
absorptiometry (DXA; Hologic Discovery A, Bedford, MA) as described in detail 
elsewhere (Suster et al., 2003). Briefly, pigs were weighed then anesthetized with an i.m. 
injection of telazol:ketamine:xylazine (2:1:2, 4.4 mg/kg and 2.2 mg/kg, respectively) at a 
dose of 1 mL per 45.5 kg BW and placed prone on the scan table with hind legs and fore 
legs extended. Each pig was then DXA scanned and allowed to recover (approximately 3 
h) before being transported back to pens of origin. Measurements made by DXA included 
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total mass, lean mass, fat mass and percentage, and bone mineral content. These DXA 
predicted measures were then corrected for gut fill and blood using internally built 
calibration curves.    
 
Nutrient Digestibility.  At 14-21 and 62-75 dpi, 0.4% titanium dioxide was placed in the 
diets as a digestibility marker. Feces was collected and pooled within pig from fifteen pigs 
per treatment at 19-22 dpi and again at 65-70 dpi. Fecal material and diet samples were 
used to then determine apparent total tract nutrient digestibility (ATTD) of nutrients and 
energy. Fecal matter was stored at approximately -20˚C until analysis. The stored fecal 
matter from each pig was thawed and homogenized. Feed or fecal matter was placed into 
an aluminum tray to be dried at 75˚C in a mechanical convection oven for approximately 
1 wk. The dried feed and fecal weights were recorded and used to determine moisture and 
dry matter content. The dried feces and feed was then ground in a Willey mill using a 0.8 
mm screen and placed in a desiccator until further analysis.  
Nutrient and energy digestibility and nitrogen (N) were measured and calculated to 
determine differences between treatments as previously described (Htoo et al., 2008). Feed 
and feces were analyzed for N, GE and titanium dioxide. Feed and fecal N was analyzed 
using a TruMac N (Leco Corporation, St. Joseph, MO). The GE was analyzed by bomb 
calorimetry (Oxygen Bomb Calorimeter 6200, Parr Instrument Company, Moline, Illinois) 
using 1.0 g of dried sample in duplicate. Titanium content was analyzed in duplicate by 
placing 0.3 and 0.5 g for fecal matter and feed, respectively, in a glass tube and ashing the 
samples in a Fisher Isotemp muffle furnace over night at 600˚C. After cooling, 0.8 g of 
anhydrous Na2SO4 was added to each tube along with 5 mL of 36N H2SO4. The tubes were 
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vortexed and placed on a heat block to digest for a minimum of 72 h. The samples were 
then cooled and diluted to a total volume of 50 mL. All samples were then plated on a 96-
well plate and analyzed for titanium by colorimetry (AOAC 7.123).  
 
Blood sampling and analysis.  Blood samples were taken via jugular venipuncture prior to 
inoculation to confirm they were PRRSV naïve and again at 7, 21, 35 and 70 dpi. All pigs 
were snare restrained and 10 ml of blood was collected into serum BD Vacutainer tubes 
(BD, Franklin Lakes, NJ, USA). After clotting, serum was separated by centrifugation 
(2,000 x g for 10 min at 4°C) and aliquots were stored at -80°C until analysis or sent to the 
ISU Veterinary Diagnostic Laboratory for PRRSV serology analysis.   
A serum sample from 15 CONT and 30 CHAL pigs was assayed for PRRSV 
antibody titers using a commercial indirect ELISA (PRRSX3 antibody test, IDEXX 
Laboratories, Inc., Westbrook, ME USA) performed according to the manufacturer’s 
instructions. Serum load of PRRSV was determined by routine quantitative polymerase 
reaction (QPCR) protocol for serum. Briefly, nucleic acid extraction from serum samples 
was performed using a commercial RNA extraction kit (Ambion® MagMax™-96 Viral 
RNA isolation kit, Applied Biosystems™, Foster City, CA USA). Real-time PCR was 
performed with commercial reagent sets (TaqMAN® NA and EU PRRSV Reagents and 
TaqMAN® NA and EU PRRSV Controls, Applied Biosystems™) using the following 
cycling conditions: 1 cycle at 45°C for 10 min, 1 cycle at 95°C for 10 min, 40 cycles of: 
97°C for 2 s, 60°C for 40 s. Eight 10-fold serially-diluted (100 to 107 copies/μL), plasmid-
derived commercial standards (TaqMAN® NA and EU PRRS RNA controls, Applied 
Biosystems™) were run on each PCR plate and their Ct values used to derive a standard 
65 
 
 
curve. Samples were quantified as genome equivalents per μL (geq/μL) by fitting the 
sample Cts to the standard curve using the AB7500 Fast System SDS Software (Applied 
Biosystems™) and log10 transformed. 
Blood serum obtained from pigs at 21 dpi was also assessed for insulin, glucose, 
and cytokine concentrations.  With respect to insulin and glucose, Porcine Insulin ELISA 
kit (Mercodia AB, Uppsala, Sweden) and Wako Diagnostics Autokit Glucose (Wako 
Chemical USA Inc., Richmond, VA, USA) were employed per manufacturer’s 
instructions. Plates were read with a Synergy 4 plate reader using Gen 5 software (BioTek 
Instruments Inc., Winooski, VT, USA). With respect to cytokines, the ProcartaPlex™ 
Porcine Cytokine and Chemokine Panel 1 (eBioscience, Inc., San Diego, CA) was used to 
evaluate circulating concentrations of interleukin (IL)-12p40, interferon (IFN) alpha, IL-
6, IL-8, and TNFα.  ProcartaPlexTM Porcine Immunoassays use the Luminex technology 
(multi-analyte profiling beads) to enable the detection and quantitation of multiple protein 
targets simultaneously in serum.  
 
Statistical Analysis.  Data was statistically analyzed using the PROC MIXED procedure of 
SAS version 9.2 (SAS Inst. Inc. Cary NC) to study the effects of treatment. Prior to 
inoculation with PRRS or saline, initial BW and feed intakes were similar across barns. Pig 
was considered the experimental unit for BW gain, tissue accretion and all blood analyses. 
Pen (5 pens/treatment) was considered the experimental unit for ADG, ADFI and G:F. 
Residual correlations between serum metabolites and cytokines and tissue accretion rates 
were analyzed using the PROC CORR procedure to generate Pearson correlations. All data 
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are reported as least squares means ± SEM and considered significant if P < 0.05 and a 
trend if P < 0.10.  
 
Results 
PRRSV infection and growth performance.  The efficacy of the infection model was 
verified by examining PRRSV viremia and antibody response over time. All pigs were 
PRRSV naïve prior to the study and as anticipated, the 30 CONT gilts remained PRRSV 
negative (qRT-PCR and antibody) throughout the study. However, as expected, the CHAL 
pigs had increased virus titers from 0, 7 and 21 dpi (0, 4.6 and 5.9 PRRSV titer, log10 
genomic units/mL, respectively; Table 2), and CHAL gilts seroconverted by 35 dpi.    
 Overall, growth was impeded due to PRRSV infection and resulted in an extra 14 
d on feed to achieve the same market BW of 128 kg and the CONT gilts (Figure 1). 
Compared to CONT gilts, CHAL gilts had significant (P < 0.05) reductions in ADFI and 
ADG (6 and 10%, respectively; Table 3). Overall, a numerical reduction in G:F (7%) was 
observed (P > 0.05). Interestingly, these reductions in ADG, ADFI and G:F were most 
pronounced in the first 42 dpi (P < 0.05, Table 3). Thereafter (43 dpi – market BW), 
performance was similar among CONT and CHAL gilts (Table 3).  
 
Apparent total tract nutrient digestibility (ATTD).  Dry matter, N and GE ATTD was 
assessed at 21 and 67 dpi from pen fecal grab samples (Table 4). In the first period, ATTD 
coefficients of DM, nitrogen and energy were all reduced by 3.2, 5.6, and 3.9 % 
respectively (P < 0.001), due to PRRSV infection. Surprisingly, reductions (P < 0.05) in 
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ATTD coefficients persisted (65-70 dpi) compared to the CONT (2.0, 2.4 and 2.1% for 
DM, nitrogen and energy, respectively).   
 
Whole body composition, tissue accretion and carcass data.  From 0-80 dpi, CONT gilts 
had greater fat (230 vs. 184 g/d), lean (657 vs. 568 g/d) and protein (131 vs. 112 g/d) 
deposition compared to CHAL gilts (P < 0.01; Table 5), but no difference in bone mineral 
content. Interestingly, these reductions in daily tissue accretion rates were most profound 
between 0-42 dpi where lean, protein, fat, and whole body gain were reduced by 23, 24, 
30, and 24%, respectively (P < 0.01). From 43-80 dpi, only lean was still significantly 
reduced in CHAL gilts (P < 0.01; Table 5). Reductions in tissue accretion rates were 
reflected in the carcass data when taken to the same 128 kg live BW (Table 5). Increased 
lean (56.3 vs. 55.4%, P = 0.034) and decreased back fat depth (1.50 vs. 1.85 cm, P < 0.01) 
was seen in CHAL gilts. Infection with PRRSV did not affect HCW but carcass yield 
tended to be decreased (P = 0.063) in CHAL gilts compared to controls. 
 
Blood metabolite and inflammation markers.  At 21 dpi, the CONT and CHAL gilts had 
identical blood glucose concentrations (Table 6) even though feed intake was significantly 
reduced.  However, blood insulin concentrations were reduced by 50% in the CHAL pigs 
(P < 0.05; Table 6) resulting in a significantly greater (P < 0.05; Table 6) degree of insulin 
sensitivity in the CHAL pigs compared to the CONT. No differences in the pro-
inflammatory cytokines IL-6, IL-8 and IL-12p40 were reported over the first 21 dpi among 
the two treatment groups (Table 6). However, PRRSV infection tended (P = 0.094) to 
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increase TNF-α and increased (P < 0.001) IFN-α in the first weeks after PRRSV 
inoculation compared to the CONT gilts.  
 Residual correlations were made using 21 dpi serum metabolite and cytokine 
concentrations and 0-42 dpi tissue accretion rates (Table 7). Based on these correlations, 
TNF-α, IL-8, IL-12p40, insulin and glucose had weak to no correlation with tissue 
accretion. However, IFN-α tended to have a negative correlation with protein (-0.54, P = 
0.107) and whole body (-0.57, P = 0.086) accretion rates while IL-6 tended to be positively 
correlated with protein (0.59, P = 0.072), lean (0.62, P = 0.057) and whole body (0.58, P 
= 0.078) accretion rates.  
 
Economic assessment of PRRSV infection.  Based on the data generated in this study in 
grow-finisher gilts from 35 – 128 kg body weight, feed prices set at $350/ton, standardized 
base price $71.33/cwt, and a barn cost of $0.10 per pig per day, two economic analyses 
were conducted (Table 8). First, if feeder space was not limited and a producer could take 
pigs to the designated market weight of 128 kg, then the economic impact of PRRSV 
infection was estimated at $6.14 per head. However, if feeder space was an issue, then the 
loss was estimated to be $12.85 per head. Although no mortality was observed, our 
economic model did not account for mortalities and medication costs or packing plant grid 
penalties.    
 
Discussion 
In agreement with Escobar et al. (2004), we report a significant reduction in ADG, 
ADFI and G:F in pigs experimentally infected with PRRSV.  However, in as much as the 
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previous work (Escobar et al., 2004) demonstrated reduced short-term performance (i.e., a 
14 d period) in PRRSV challenged pigs, the experiment described herein clearly 
demonstrates a persistent negative impact on  performance and feed efficiency in the first 
28 days and this had an impact all the way to market (approximately 115 dpi).  
Additionally, the work involving PRRSV infection in pigs by Escobar et al. (2004) and 
Williams et al. (1997a, b, c) classically demonstrates the profound adverse effects that 
compromised health status and immune stimulation can have on protein accretion. 
Particularly in the first week of PRRSV infection, pig whole body protein accretion has 
been reported to be reduced by up to 60% from naïve control pigs (Escobar et al., 2004). 
Our longitudinal assessment (i.e., applying DXA technology in the same animal over time), 
indicates that protein accretion was reduced by 24% in the first 42 dpi and by 5% in the 
following 38 days due to PRRSV infection in grower pigs. Overall, this resulted in a 10% 
reduction in protein accretion over an 80 dpi period. Similar results were observed with 
whole body lipid accretion rates with PRRSV infection resulting in a 20% lower accretion 
rate compared to the CONT pigs. Thus, pigs challenged with PRRSV in the current study 
are leaner at market weight and have reduced carcass yields which is consistent with 
observations by Williams et al. (1997c) and Rakhshandeh and de Lange (2012) whereby 
reduced carcass yields and higher offal and organ weights were reported in immune-
stimulated pigs.  
In previous experimental PRRSV-challenge studies, a decrease in tissue accretion 
rates has only been observed in nursery pigs (Escobar et al., 2004). Similarly, non-
pathogenic lipopolysaccharide (LPS) challenge models have been shown to acutely 
decrease muscle protein synthesis in vivo and in vitro through impaired phosphorylation of 
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both eIF4E-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase 1 (S6K1) in the 
mammalian target of the rapamycin (mTOR) pathway, which is a key determinant of 
translation initiation and protein synthesis in pigs (Kimball et al., 2002; Kimball et al., 
2003; Orellana et al., 2007a; Orellana et al., 2007b). This inhibition of the translation 
initiation process seems to be a direct effect of the inflammatory response, but the 
subsequent increase in pro-inflammatory cytokines may augment the depression in protein 
synthesis events and rates (Lang et al., 2002; Lang et al., 2003; Lang and Frost, 2007; Lang 
et al., 2007).  
The residual correlations between serum cytokine concentrations and tissue 
accretion rates over the first six weeks of a PRRS challenge showed positive correlations 
between IL-6 and protein, lean and whole body accretion rates. Concentrations in IL-6 have 
been shown to be elevated in contracting muscle fibers (Febbraio et al., 2004) which can 
lead to increased muscle mass by satellite cell activation (Serrano et al., 2008). Also, IFN-
α was correlated to protein and whole body accretion rates, albeit negatively. Increasing 
IFN-α concentrations suggest an increased antiviral activity by increasing the surface 
expression of CD14 on porcine alveolar macrophages (Amadori, 2007). Sustained levels 
of IFN-α also lead to increases in pro-inflammatory cytokines which may decrease protein 
synthesis, as mentioned previously. 
Interestingly, the impact of immune stimulation, particularly using industry 
applicable pathogens, on nutrient and energy digestibility has been poorly described and 
received not much attention. Lipopolysaccharide (LPS) has been extensively used to study 
the inflammatory response in swine. More recently, repeated challenges with LPS have 
been used to mimic pathogenic challenges like PRRSV (Rakhshandeh and de Lange, 2012; 
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Rakhshandeh et al., 2012). These studies have shown that inflammation reduces ATTD of 
organic matter, energy and nitrogen. Similarly, at 21 dpi we clearly reported ATTD of N, 
DM and GE to be reduced due to PRRSV infection. Possibly, even more important is the 
fact that this antagonism of total tract digestibility persists even up to or beyond 70 dpi. 
We speculate this to be a result of intestinal microbial population alterations as a result of 
PRRSV infection. 
 Meta-analysis of pig microarray studies revealed mitochondrial dysfunction and 
dysfunction of oxidative phosphorylation pathways, innate immune response, apoptosis 
and cell homeostasis pathways to be regulated under PRRSV infection (Badaoui et al., 
2013). Based on this meta-analysis and our observed reduction in performance measures, 
innate and adaptive responses to intense, prolonged and poorly-contained immunological 
stimuli are most likely responsible. This may partially be evident in the blood glucose and 
insulin data at 21 dpi.  For blood glucose to be maintained under reduced feed intake at 21 
dpi in the CHAL pigs, presumable mobilization of AA from skeletal muscle is required for 
gluconeogenesis and the generation of energy. Additionally, these AA support the increase 
in protein synthesis of immune cells and molecules. Therefore, switches in bioenergy 
intimately links metabolism with immune function and inflammation to restore 
homeostasis in the face of PRRSV infection.   
Altogether, these data clearly demonstrate that PRRSV infection reduces 
digestibility in the short and long term of pigs. Feed efficiency and whole protein accretion 
rates are also profoundly impacted by PRRSV infection in grow-finish pigs. The research 
described in this paper reported on the interaction between PRRSV infection and lifetime 
tissue accretion, performance and feed efficiency in grow-finish pigs. PRRSV is arguably 
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the most economically important pathogen in the U.S. swine industry, estimated to cost the 
pork industry $664 million annually, mainly stemming from loss of production (Holtkamp 
et al., 2013).  Here in, based on our own phenotype data and feed efficiency numbers, we 
estimated that PRRSV infection in grower pigs costs the producer a conservative $6-13 per 
head with extra housing, feed costs, lighter weight and lower carcass value significantly 
contributing to this estimate.   
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Table 2.1.  Diet composition, as fed basis 
 Ingredients, % Phase 1 Phase 2 Phase 3 Phase 4 Phase 5 
  Corn 53.63 56.72 60.90 64.58 71.03 
  Soybean meal, 48% CP 23.00 20.00 16.00 12.50 6.25 
  Corn DDGS 20.00 20.00 20.00 20.00 20.00 
  Soybean oil 1.00 1.00 1.00 1.00 1.00 
  Limestone 0.85 0.85 0.85 0.85 0.83 
  L-Lysine·HCl 0.63 0.60 0.55 0.50 0.43 
  Sodium chloride 0.35 0.35 0.35 0.35 0.35 
  Commercial VTM1 0.10 0.10 0.10 0.08 0.08 
  Heat Stable Optiphos 2000 0.02 0.02 0.01 0.01 0.01 
  L-Threonine 0.23 0.20 0.14 0.10 0.04 
  Methionine Alimet 0.20 0.16 0.09 0.05 - 
  Titanium dioxide 0.40 - 0.40 - - 
Calculated composition      
    CP, % 20.1 19.1 17.7 16.5 14.3 
    ME, kcal/kg 3.39 3.39 3.39 3.40 3.40 
    Lys, SID % 1.30 1.20 1.05 0.95 0.75 
    Met+Cys, SID %  0.78 0.72 0.64 0.58 0.45 
    SID Lys/ME, g/Mcal 3.88 3.59 3.18 2.81 2.20 
    STTD Phosphorus, % 0.31 0.30 0.24 0.23 0.22 
Chemical composition      
    CP, % 20.9 - 19.9 - - 
    Gross energy, kcal/kg 4.16 - 4.09 - - 
      
1VTM=Vitamin-trace mineral premix, which supplied per kilogram of diet: 
vitamin A, 8,820 IU; vitamin D3, 1,653 IU; vitamin E, 33.1 IU; vitamin K, 4.4 mg; 
riboflavin, 6.6 mg; niacin, 38.9 mg; pantothenic acid, 22.1 mg; vitamin B12, 0.04 
mg; I, 1.1 mg as potassium iodide; Se, 0.30 mg sodium selenite; Zn, 60.6 mg as 
zinc oxide; Fe, 36.4 mg as ferrous sulfate; Mn, 12.1 mg as manganous oxide; and 
Cu, 3.6 mg as copper sulfate. 
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Table 2.2.  PRRS viremia and antibody serology 
Parameter CONT1 CHAL2 
PRRS viremia3  
  dpi 0 0.0 (neg.)  0.0 (neg.) 
  dpi 7 0.0 (neg.)   4.6 
  dpi 21 0.0 (neg.)   5.9  
  dpi 35 0.0 (neg.) 0.0 (neg.) 
  dpi 70 0.0 (neg.) 0.0 (neg.) 
PRRS antibody S/P ratio4 
  dpi 0 0.00 (neg.)  0.0 (neg.) 
  dpi 7 0.00 (neg.)   0.20 
  dpi 21 0.02 (neg.)   0.20 
  dpi 35 0.01 (neg.)   1.20 
  dpi 70 0.01 (neg.)   0.87 
1n=15 gilts/trt 
2n=30 gilts/trt 
3QPCR viremia (Log+1 genomic copies/mL) 
4PRRSX3 ELISA titer  
Negative titer = neg. 
 
 
 
Table 2.3.  The impact of PRRS on growth performance of grow-finish pig
Parameter CONT CHAL SEM P-value 
0-42 dpi     
   ADG, kg 0.93 0.75 0.028 <0.001 
   ADFI, kg 1.87 1.68 0.038   0.002 
   G:F 0.50 0.44 0.017   0.010 
43-70 dpi     
   ADG, kg 0.81 0.73 0.065   0.260 
   ADFI, kg 2.31 2.41 0.087   0.301 
   G:F 0.35 0.30 0.052   0.077 
Overall, 0 dpi to market BW 128 kg 
   ADG, kg 0.90 0.80 0.021   0.002 
   ADFI, kg 2.06 1.93 0.049   0.032 
   G:F 0.44 0.41 0.017   0.227 
n=15 gilts/trt     
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Table 2.4.  PRRS reduces apparent total tract digestibility  
Parameter CONT CHAL SEM P-value 
19-22 dpi ATTD coefficients, % 
  Dry matter 83.9 81.3 0.54 <0.001 
  Nitrogen 81.8 77.3 0.84 <0.001 
  Gross Energy 81.0 77.8 0.64 <0.001 
65-70 dpi ATTD coefficients, % 
  Dry matter 81.5 79.8 0.62 0.008 
  Nitrogen 80.1 78.0 0.82 0.018 
  Gross Energy 78.1 76.3 0.76 0.020 
n=15 gilts/trt     
 
 
Table 2.5.  The impact of PRRS on whole body tissue accretion and carcass 
 Parameter1 CONT CHAL SEM P-value 
0-42 dpi 1     
  Lean, g/d  635 491 14.5 <0.001 
  Protein, g/d 123 94 2.61 <0.010 
  Fat, g/d 155 108 8.41 <0.001 
  BMC, g/d 24.6 21.5 1.07   0.006 
  Whole body gain, kg/d 0.83 0.63 0.02 <0.001 
     
43-80 dpi1     
  Lean, g/d  683 664 30.1 0.54 
  Protein, g/d 141 135 6.36 0.38 
  Fat, g/d 326 280 16.6  0.008 
  BMC, g/d 31.9 31.5 1.47 0.78 
  Whole body gain, kg/d 0.94 0.89 0.02 0.17 
     
Overall (0-80 dpi)1     
  Lean, g/d  657 568 13.9 <0.001 
  Protein, g/d 131 112 2.89 <0.001 
  Fat, g/d 230 184 9.22 <0.001 
  BMC, g/d 27.8 26.0 0.94   0.063 
  Whole body gain, kg/d 0.92 0.78   0.019 <0.001 
     
Carcass data2     
  Live weight, kg 123.0 126.4 1.74 0.21 
  HCW, kg 94.5 95.3 1.67 0.64 
  Yield, % 76.7 75.3 0.44   0.063 
  Lean. % 55.4 56.3 0.25   0.034 
  Back fat depth, cm 1.85 1.50   0.065   0.005 
  Loin depth, cm 7.04 7.05   0.079 0.96 
1n=30 gilts/trt 
2carcass data means of 5 pens/trt. 
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Table 2.6.  Blood metabolite and inflammatory markers at dpi 21 post PRRSV inoculation. 
Parameter1 CONT CHAL SEM P-value 
Glucose, mg/dL 115 113 5.1 0.618 
Insulin, ng/L 134 64 23.9 0.005 
Glucose:Insulin 1.3 2.8 0.32 0.016 
Interferon α, pg/mL  1.1 2.8 0.76 0.032 
Interleukin 6, pg/mL 340 144 152.7 0.216 
Interleukin 8, pg/mL 169 271 66.0 0.140 
Interleukin 12p40, pg/mL 898 1178 256.2 0.289 
Tumor necrosis factor α, pg/mL 0 63 35.6 0.094 
1n=15 gilts/trt 
 
 
Table 2.7.  Residual correlations between Period 1 (0-42 dpi) tissue accretion and 21 dpi serology1 
   INFα IL6 IL8 TNFα IL12p40 Insulin Glucose GIR 
Protein, g/d -0.54 
0.107 
0.59 
0.072 
-0.28 
0.426 
-0.03 
0.943 
-0.09 
0.804 
-0.02 
0.965 
-0.35 
0.327 
-0.25 
0.488 
Lean, g/d -0.52 
0.126 
0.62 
0.057 
-0.31 
0.384 
-0.06 
0.870 
-0.08 
0.825 
0.0008 
0.998 
-0.35 
0.324 
-0.27 
0.459 
Fat, g/d -0.50 
0.142 
0.37 
0.293 
0.16 
0.669 
0.33 
0.390 
0.09 
0.808 
-0.06 
0.877 
-0.04 
0.902 
-0.12 
0.735 
BMC, g/d -0.54 
0.362 
0.30 
0.398 
-0.20 
0.571 
-0.04 
0.910 
0.20 
0.573 
0.02 
0.953 
-0.14 
0.672 
-0.09 
0.808 
Whole body, g/d -0.57 
0.086 
0.58 
0.078 
-0.18 
0.614 
0.07 
0.849 
-0.02 
0.956 
-0.01 
0.976 
-0.27 
0.456 
-0.24 
0.501 
1Upper row = residual correlations.  
  Bottom row = P-values 
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Table 2.8.  Economic assessment of a grow-finish pigs challenged with PRRSV 
Assumptions CONT CHAL Difference 
1) Assumption if taken to same live weight    
   ADFI (kg) 2.05 1.93  
   Feed days 105 119 +14 d 
   Total feed (kg) 215 229 +14.5 
   Feed Cost @ $385/metric ton $82.78 $88.2 -$5.42 
   Barn cost @ $0.10/pig/d housing $10.50 $11.90 -$1.40 
   Carcass wt (kg) 94 95 +1.0 
   Carcass value1 $161.52 $162.18 $0.66 
Estimated cost of PRRSV per pig -$6.14 
    
2) Assumption if same age    
   Feed costs @ $385/metric ton and 105 days $83.10 $78.09 -$5.01 
   Body weight (kg) 123 112  
   Carcass weight (kg) 94 84  
   Carcass value1 $161.52 $143.66 -$17.86 
Estimated cost of PRRSV per pig -$12.85 
1Standardize base price ($71.33 cwt)    
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Figure 2.1.  Growth differences in of PRRS infected and PRRSV-naïve gilts.  Data 
represents 30 littermate gilts per challenge group. Gilts were placed on test at 33.6 kg BW 
and taken to a target market BW of 128 kg. At dpi 0, the CHAL gilts were inoculated i.m. 
with a live PRRSV strain. The CONT gilts received a saline vehicle.    
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Abstract 
Porcine reproductive and respiratory syndrome (PRRSV) and porcine epidemic 
diarrhea (PEDV) viruses are two costly diseases to the U.S. swine industry. The objective 
of this study was to determine the impact of PRRSV and PEDV, alone or in combination, 
on growth performance, feed efficiency and digestibility in grower pigs. Forty-two gilts 
(16 ± 0.98 kg BW) naïve for PRRSV and PEDV were selected and allocated into one of 
four treatments. Treatments included: 1) Control; 2) PRRS only; 3) PED only; and 4) 
PRRS+PED co-infection. Pigs in treatments 2 and 4 were inoculated with a live field 
strain of PRRSV via intramuscular and intranasal routes at 0 days post inoculation (dpi). 
Treatments 3 and 4 were orally inoculated with PEDV at 15 dpi. Infection with PRRSV 
was confirmed by QPCR and seroconversion. Infection with PEDV was confirmed with 
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PCR. Control pigs remained PRRSV and PEDV negative throughout the study. All pigs 
were fed a standard diet ad libitum with free access to water. During the test period, 
PRRSV reduced ADG and ADFI by 30 and 26% respectively (P < 0.05) and G:F by 8% 
(P > 0.05) compared to Control pigs, while co-infection decreased ADG, ADFI and G:F 
by 45, 30 and 23%, respectively (P < 0.05). Additional reductions in ADG and G:F were 
detected in PRRS+PED pigs compared to singular PED or PRRS treatments (33 and 
16%, respectively). The impact of PEDV, alone or in combination, on performance (15-
21 dpi) reduced ADG (0.66 vs. 0.35 vs. 0.20 kg/d, P < 0.01), ADFI (1.22 vs. 0.88 vs. 
0.67 kg/d, P = 0.003), and G:F (0.54 vs. 0.39 vs. 0.31, P = 0.001) from controls. 
Compared to control pigs, PRRSV infection did not reduce apparent total tract 
digestibility (ATTD) of nutrients and energy (P > 0.05). However, PEDV infection, alone 
or in combination, decreased ATTD of dry matter (DM) and energy by 8 and 12%, 
respectively (P < 0.05). Compared to controls, co-infection reduced nitrogen (N) and 
organic matter (OM) ATTD by 13 and 3% respectively (P < 0.05). No significant 
differences in apparent ileal digestibility (AID) were detected between virus challenges. 
However, Lys AID tended to be reduced in both PED treatments compared to the control 
(10 and 12%, P = 0.095). Altogether, PRRSV reduces growth but does not alter 
digestibility, while the PEDV reduces ATTD of nutrients and energy. Surprisingly, AID 
was not affected by viral challenge in this model.  
 
Key words:  Digestibility, Growth, Pig, Porcine epidemic diarrhea virus, PRRS 
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Introduction  
Porcine reproductive and respiratory syndrome (PRRSV) and porcine epidemic 
diarrhea (PEDV) viruses are arguably two of the most costly diseases to the U.S. swine 
industry today. Per year, PRRSV alone has been estimated to cost the U.S. swine 
producers an estimated $664 million (Holtkamp et al., 2013), while PEDV has been 
attributed to the loss of over 8 million piglets since being discovered in the U.S. (Meyer, 
2014). In young pigs, PRRSV has been shown to reduce growth performance and feed 
efficiency (Greiner et al., 2000; Escobar et al., 2004) and negatively affect intestinal 
morphology. These pigs are also more likely to have an increased likelihood of secondary 
viral and bacterial infections due to the ability of PRRSV to suppress the immune 
response (Van Reeth et al., 1996; Nakamine et al., 1998). Unlike PRRSV, PEDV 
localizes to the gastrointestinal tract of pigs and induces watery diarrhea along with 
severe villous atrophy leading to malabsorption (Madson et al., 2014).  
Health challenged pigs often exhibit reduced appetite and feed intake, and have 
altered nutrient utilization in a tissue-specific manner (Johnson, 2002). Therefore, due to 
the significant prevalence of PRRS positive pigs in the Midwest region of the U.S., our 
objectives were: 1) develop a challenge model to study the effects of PEDV alone and co-
infected with PRRSV on pig performance and feed efficiency; 2 ) to characterize the 
impact PEDV and PRRSV challenges have on nutrient and energy digestibility.  
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Materials and Methods 
Animals and Experimental Design  
All animal work was approved by the Iowa State University Institutional Animal 
Care and Use Committee (IACUC# 1-14-7710-S) and adhered to the ethical and humane 
use of animals for research.  All animals work was conducted at the Livestock Infectious 
Disease Isolation Facility at the Iowa State University Veterinary School. 
Forty-two Choice Genetics maternal line gilts (16 ± 0.98 kg BW), naïve for PRRS 
and PED, were selected and randomly assigned to one of four treatments for a 21 d 
growth study. Pigs were penned in pairs with each treatment in separate rooms to avoid 
cross viral contamination. Treatments included: 1) high health control gilts (CONT, n=3 
pens), 2) PRRSV inoculated gilts (PRRS, n=6 pens), 3) PEDV inoculated gilts (PED, 
n=12) and 4) gilts inoculated with PRRSV then PEDV (PRP, n=6 pens). After a 4 d 
acclimation period, treatments were administered as follows on d 0 post inoculation 
(dpi): Pigs in treatment 2 and 4 were inoculated with a live field strain of PRRSV (ORF5 
1-18-4 Wild type), in which 500 genomic units was inoculated intramuscularly and 500 
genomic units nasally. Treatments 1 and 3 received a saline solution sham at dpi 0. On 
dpi 14, pigs in treatments 3 and 4 were intra-gastrically inoculated with 103 plaque 
forming units (PFU) of an isolate plaque-cloned PEDV P6 (USA/Iowa/18984/2013) as 
previously described (Hoang et al., 2013), while treatments 1 and 2 received a saline 
sham. 
Throughout the study, all pigs were fed a corn-soybean meal diet, containing the 
digestibility marker titanium dioxide, and was formulated to meet or exceed NRC (2012) 
requirements for amino acids, minerals and vitamins (Table 3.1). Pigs had ad libitum 
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access to feed and water at all times. Individual body weights were collected at 0, 7, 14 
and 21 dpi and pen feed intake recorded. Additionally, weekly pen feed efficiency was 
calculated for each treatment. All pigs were euthanized at 21 dpi by sodium pentobarbital 
overdose (Fatal-Plus Solution, Vortech Pharmaceuticals, Dearborn, MI) followed by 
immediate exsanguination. 
 
Blood Collection and Analysis 
Blood samples (10 mL) and fecal swabs were collected on all pigs at dpi 0, 14 and 21. 
All blood samples were collected via jugular venipuncture into BD Vacutainer serum tubes 
(BD, Franklin Lakes, NJ, USA) while pigs were snare restrained. After clotting, serum was 
separated by centrifugation (2000 ∙ g for 15 min at 4 oC) and stored at -80 oC until analysed 
or sent to the ISU Veterinary Diagnostic Laboratory for PRRSV serology analysis. Fecal 
swabs were sent to the ISU Veterinary Diagnostic Laboratory for PEDV qPCR analysis. 
At dpi 21, serum insulin was measured using a Porcine Insulin ELISA kit (Mercodia 
AB, Uppsala, Sweden) per manufacturer’s instructions. Serum glucose and NEFA 
concentrations were measured using the Wako Diagnostics kits (Wako Chemical USA Inc., 
Richmond, VA, USA). Blood urea nitrogen (BUN) (BioAssay Systems, Hayward, CA, 
USA) and glucagon (R&D Systems Minneapolis, MN, USA) was assessed using assay kits 
per manufacturer’s instructions.  All assays were read with a Synergy 4 plate reader using 
Gen 5 software (BioTek Instruments Inc., Winooski, VT, USA). 
 
 
 
87 
 
 
Apparent Digestibility 
Feces were collected and pooled within pig at 18-20 dpi and ileal digesta from the 
last 100 cm of the distal ileum was also collected for apparent ileal digestibility (AID) 
immediately following euthanasia (21 dpi). Approximately 100 mL of ileal digesta was 
collected, frozen and then freeze-dried for AID analysis. Pooled fecal and diet samples 
were homogenized and dried in a mechanical convection oven at 100 °C to determine 
apparent total tract digestibility (ATTD) of N, DM, organic matter (OM) and GE. 
Proximate analysis was carried out on feed, ileal digesta and fecal samples as previously 
described (Stein et al., 2007; Oresanya et al., 2008; Jacobs et al., 2011).  Briefly, all 
samples were analyzed for DM (method 930.15; AOAC 2007), titanium dioxide as 
described by Leone (1973), N using TruMac N (Leco Corporation, St. Joseph, MO), and 
GE using bomb calorimetry (Oxygen Bomb Calorimeter 6200, Parr Instruments, Moline, 
IL). Organic matter was determined using the ashing method and calculated as previously 
described (Faithfull, 2003). Amino acid analysis of feed and digesta samples was 
performed by the Agricultural Experiment Station Chemical Laboratories at the 
University of Missouri-Columbia (Columbia, MO) using cation-exchange high 
performance liquid chromatography (L8900 Amino Acid Analyzer, Hitachi High-
Technologies Corporation, Tokyo, Japan). For each of the four treatments, ATTD of DM, 
OM, N and GE and the AID of OM, DM, N and AA were calculated using the index 
method (Oresanya et al., 2008).   
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Statistical Analysis 
Data was statistically analyzed using the PROC MIXED procedure of SAS 
version 9.4 (SAS Inst. Inc. Cary, NC) to study the treatment effects. Pen was considered 
the experimental unit for performance, digestibility and blood measures. For ATTD and 
AID analysis, ADFI was used as a covariate. All data are reported as least squares means 
± SEM and considered significant if P ≤ 0.05 and a trend if P ≤ 0.10. 
 
Results 
PRRSV and PEDV infection 
All animals were naïve to PRRSV and PEDV prior to inoculation based on serum 
and fecal swab quantitative PCR analysis, respectively. By design, CONT and PED only 
gilts remained PRRS negative throughout the study. At 14 and 21 dpi PRRS virus and 
antibody were detected from serum of all pigs inoculated with PRRSV (Table 3.2). 
Analysis of fecal swabs by QPCR indicated that PEDV was prevalent in the PED and PRP 
inoculated gilts, while the CONT and PRRS only treatments remained PEDV naive (Table 
3.2).  
 
Growth Performance 
The effects of PRRS, PED, and PRP infection on ADG, ADFI, and G:F are 
summarized in Table 3.3 and Figure 3.1. During the 21 d test period, PRRS reduced ADG 
and ADFI by 30% and 26% respectively (P < 0.05) and G:F by 8% (P > 0.05) compared 
to CONT pigs. PRRS+PED greatly effected overall performance, reducing ADG, ADFI, 
and G:F by 46%, 30%, and 23%, respectively (P < 0.05). PED did not significantly reduce 
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21 d performance, reducing ADG, ADFI, and G:F by 19%, 12%, and 8%, respectively (P 
> 0.05).  
When comparing the initial impact of PEDV on performance (15-21 dpi, 7 d of 
PED infection), CONT and PRRS pigs showed no difference (Table 3.3). CONT versus 
PED and PRP, however, resulted in sizable reductions in ADG (47% and 70% respectively, 
P < 0.01), ADFI (29% and 45% respectively, P = 0.003), and G:F (28% and 43% 
respectively, P = 0.001), respectively.   
 
Apparent total tract and ileal digestibility. 
Dry matter, N, GE and OM digestibility was assessed from 18-20 dpi by fecal 
grab samples (Table 3.4). Over this period, ATTD coefficients of DM, N, GE and OM 
were unaffected by PRRSV infection (P > 0.05). However, PEDV infection decreased 
DM and GE digestibility by 7.8 and 11.4%, respectively (P < 0.01) while N and OM 
remained unaffected (P > 0.05). Co-infection with PRRSV and PEDV reduced DM, N, 
GE and OM digestibility by 9.0, 12.8, 11.9 and 3.5%, respectively (P < 0.05) from 
CONT. No significant differences between PED and PRP were reported.  
Dry matter, N, OM and specific AA digestibility was assessed by collection of 
ileal digesta at 21 dpi (Table 3.5). No significant (P > 0.05) differences were reported 
between treatments for DM, N or OM digestibility. There were numerical differences, 
however, with PED and PRP having reduced DM (14% and 17%, respectively), N (9% 
and 4%, respectively) and OM (8% and 11%, respectively) from CONT. Similar to 
ATTD, PRRS had very minimal effect of AID measures compared to the CONT pigs. 
There were no statistical differences reported for any specific AA AID measured (Table 
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3.5). However, Lys AID tended to be reduced in PED pigs from PRRS and CONT pigs 
(P = 0.095).  
 
Blood metabolites 
 Blood glucose, insulin, glucagon, NEFA concentration and BUN were assessed at 
21 dpi (Table 3.6). Expectedly, BUN was increased (P < 0.01) by two-fold in PED and 
PRP pigs and was unaffected by PRRSV (P > 0.05). Additionally, glucagon concentrations 
were increased (P < 0.01) three-fold in PED and PRP treatments over controls while PRRS 
treatment did not affect glucagon. As expected, NEFA concentration were increased 23% 
by co-infection but interestingly, was unaffected by PEDV or PRRSV (P > 0.05). Blood 
glucose and insulin were unaffected by any treatment (P = 0.61 and P = 0.36, respectively).   
 
Discussion 
The antibody response at 21 dpi was increased in PRP pigs versus PRRS only 
pigs. This could be due to a later peak antibody response due to concurrent PEDV 
infection, which has been seen when PRRSV positive pigs are challenged with other 
viruses (Zhang et al., 2012). Significant reductions in ADG, ADFI and G:F in PRRSV 
infected pigs throughout the duration of the study agrees with previous studies our group 
and other have reported (Escobar et al., 2004; Escobar et al., 2006). This is the first 
reported characterization of growth performance and feed efficiency in PEDV and 
PRRSV+PEDV infected pigs. Reduced performance was expected, as pigs with increased 
immune activity show reductions in ADG, ADFI and G:F, as reported by Williams et al. 
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(1997a, b, c). Similarly, co-infection with PRRSV has reduced growth performance (Van 
Reeth et al., 1996; Brockmeier et al., 2001).  
Recent work from our lab reported significant differences in ATTD with regards 
to PRRSV infection (Chapter 2), however, the same results were not seen in the current 
study as infection with PRRSV showed no difference in ATTD. On the other hand, 
PEDV, an enteric virus that replicates in villi enterocytes (Neumann et al., 2009), 
exhibited reductions in DM and GE ATTD. Unexpectedly, PEDV did not reduce N or 
OM ATTD. Similarly, co-infected pigs had reduced DM, N and GE ATTD from CONT 
while OM was not different. Also, there were no differences between PED and PRP 
treatments which was somewhat unexpected. Differences in ATTD may be explained by 
rate of passage. When livestock suffer from diarrhea, the rate of passage can be reduced 
by as much as 50% (Bush et al., 1963) and rate of passage is negatively correlated with 
total tract digestibility coefficients (Entringer et al., 1975). A shortened time of passage 
does not allow as much time for sufficient enzymatic breakdown of feedstuffs which 
leads to poor absorption and diarrhea (Blaxter and Wood, 1953; Weijers et al., 1959). It 
also reduces the amount of time spent in the large intestine for water reabsorption and 
bacterial fermentation (Levitan, 1969; Clausen et al., 1998; Marchelletta et al., 2013). 
While limited work has been done with industry applicable pathogens, 
lipopolysaccharide (LPS) has been used to mimic pathogen challenge in pigs. These 
studies have shown to decrease OM, energy and N ATTD (Rakhshandeh and de Lange, 
2012; Rakhshandeh et al., 2012) which agree with the present PED and co-infection data. 
Williams et al. (1997a) reported decreases in N digestibility using a rearing method with 
piglets exposed to environmental antigens. 
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There were apparent differences in ATTD between treatments but, interestingly, 
there were only numerical differences in AID of DM, N and OM. Numerical differences 
between CONT, PED and PRP treatments were probably affected by diarrhea and 
decreased rate of passage as mentioned earlier, but differences could also be attributed to 
alterations in small intestine morphology. A majority of starch digestion occurs in the 
duodenum while 85% of DM and energy digestion and 92% of protein digestion occur in 
the jejunum and ileum (Keys and DeBarthe, 1974; Asche et al., 1989). Villi height and 
crypt depth were severely reduced throughout the small intestine in PED and PRP pigs 
but minimally affected in PRRS pigs (Chapter 4). This leads to reduced surface area of 
the intestine which may influence AID. Another diarrheal disease described in pigs, 
cryptosporidiosis, causes reductions in villi height and crypt hyperplasia, and has been 
reported to decrease villous surface area three-fold (Argenzio et al., 1990). Apparent ileal 
digestibility of specific AA was also unaffected by treatment, with only Lys digestibility 
tending to be reduced in PEDV treated pigs. Although intestinal morphology was 
changed, there was no difference in aminopeptidase activity suggesting digestive 
enzymes were still functioning normally (Chapter 4). That would leave only feed intake 
as a major difference between treatments but feed intake does not greatly effect nutrient 
digestibility (Haydon et al., 1984; Albin et al., 2001). 
Similarities in blood metabolites between CONT and PRRS treatments were 
expected, as similarities at 21 dpi have been previously reported (Roberts and Almond, 
2003). Reductions in feed intake, leading to a catabolic state, probably caused increased 
blood glucagon and BUN in PED and PRP treatments. Blood NEFA concentration was 
increased in PRP pigs, probably due to decreased feed intake as well. Interestingly, this 
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data is conflicting with a previous report where pigs infected with rotavirus exhibited no 
difference in blood glucagon (Zijlstra et al., 1997). Although differences in BUN were 
reported here, pigs inoculated with Brachyspira hyodysenteriae, the causative agent of 
swine dysentery, reported no difference in serum total AA concentrations (Jonasson et 
al., 2007). Blood glucose and insulin were unaffected by treatment. Similarly, pigs 
infected with rotavirus had no differences in circulating insulin levels (Zijlstra et al., 
1997). Similar findings for blood glucose have been reported in pigs during Brachyspira 
hyodysenteriae infection (Jonasson et al., 2007) while others have reported an increase in 
glucose during infection (Somchit et al., 2003). Utilization of glucose is increased in 
tissues and immune cells during immune response which can cause hypoglycemia 
(Mizock, 1995), but no differences in blood glucose suggest the pig was meeting its 
glucose demands via gluconeogenesis.  
In summary, ATTD coefficients are reduced by PEDV and a co-infection of 
PRRSV and PEDV, but PRRSV alone did not reduce ATTD. Similarly, PRRSV, PEDV 
or a combination of both does not significantly decrease AID coefficients or AID of 
specific AA. These results indicate that capability to absorb nutrients seems to be 
unaffected by systemic or enteric infection and reduction in feed intake is probably the 
main hindrance to production during health challenges. 
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Figure 3.1.  The effect of PRRSV and PEDV health challenges on body weight gains in 
nursery-grower gilts. Gilts were inoculated with PRRS (dpi 0) and PEDV (dpi 14) and 
body weights were taken at 0, 7, 14 and 21 days. 
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Table 3.1. Diet composition, as fed basis 
Ingredients, % Composition 
  Corn 60.93 
  Soybean meal, 48% CP 30.00 
  Corn DDGS 5.00 
  Soybean oil 1.00 
  Limestone 0.94 
  L-Lysine·HCl 0.50 
  Sodium chloride 0.35 
  Commercial VTM1 0.30 
  Monocalcium phosphate, 21% 0.55 
  Heat Stable Optiphos 2000 0.02 
  L-Threonine 0.22 
  DL-Methionine  0.19 
  Titanium dioxide 0.40 
Calculated composition  
    Dry Matter, % 89.6 
    Crude Protein, % 21.13 
    ME, kcal/kg 3,388 
    NE, kcal/kg 2,433 
    Lys, SID % 1.33 
    Lys, Total % 1.48 
Analysis  
   Dry Matter, % 93.3 
   Crude Protein, % 21.0 
   GE, kcal/kg 3,895 
   Lys, Total % 1.37 
1VTM=Vitamin-trace mineral premix, which supplied per 
kilogram of diet: vitamin A, 8,820 IU; vitamin D3, 1,653 
IU; vitamin E, 33.1 IU; vitamin K, 4.4 mg; riboflavin, 6.6 
mg; niacin, 38.9 mg; pantothenic acid, 22.1 mg; vitamin 
B12, 0.04 mg; I, 1.1 mg as potassium iodide; Se, 0.30 mg 
sodium selenite; Zn, 60.6 mg as zinc oxide; Fe, 36.4 mg as 
ferrous sulfate; Mn, 12.1 mg as manganous oxide; and Cu, 
3.6 mg as copper sulfate. 
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Table 3.2. Effect of PRRSV and PEDV infection on viremia and antibody titers  
Parameter Control1 PRRS2 PED2 PRP2 SEM P-value 
PRRSV titer (QPCR Log+1)3     
   14 dpi Neg. 5.2 Neg. 4.9 0.31 0.64 
   21 dpi Neg. 3.9 Neg. 3.4 0.36 0.36 
PRRSX3 antibody (S/P ratio)     
   14 dpi Neg. 1.2 Neg. 1.4 0.14 0.10 
   21 dpi Neg. 1.1a Neg. 1.5b 0.16 0.003 
PEDV titer (QPCR)4      
   0 dpi Neg. Neg. Neg. Neg. - - 
   21 dpi Neg. Neg. Pos. Pos. - - 
1n=3 pens per treatment 
2n=6 pens per treatment 
3Negative (Neg.) denotes Ct > 37 
4Negative (Neg.) denotes Ct > 35, Positive (Pos.) denotes Ct < 35 
a,bP < 0.05 represents treatment differences 
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Table 3.3. Effect of infection on growth performance 
Parameter Control1 PRRS2 PED2 PRP2 SEM P-value 
0-14 d Performance      
    ADG 0.62a 0.35b 0.61a 0.41b 0.03 <0.01 
    ADFI 0.95a 0.67b 0.94a 0.76b 0.05 0.001 
    G:F 0.65a 0.53b 0.65a 0.55ab 0.03 0.02 
15-21 d 
Performance 
      
    ADG 0.66a 0.63a 0.35b 0.20b 0.04 <0.01 
    ADFI 1.22a 1.02a 0.88ab 0.67b 0.07 0.003 
    G:F 0.54ab 0.62a 0.39bc 0.31c 0.05 0.001 
0-21 d 
Performance 
      
   ADG 0.63a 0.44b 0.51ab 0.34c 0.04 <0.01 
   ADFI 1.04 0.78 0.92 0.73 0.04 0.002 
   G:F 0.61a 0.56a 0.56a 0.47b 0.02 0.005 
1n=3 pens per treatment 
2n=6 pens per treatment 
a,b,cP < 0.05 represents treatment differences 
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Table 3.4. Apparent total tract dry matter, organic matter, energy and nitrogen digestibility (%) in pigs infected with different 
viral pathogens 
Parameter Control1 PRRS2 PED2 PRP2 SEM P-value 
Dry matter 88.7a 87.5a 81.8b 80.7b 0.90 <0.01 
Organic Matter  92.4ab 92.7a  90.3ab 89.2b 0.78   0.03 
Gross Energy 87.2a 86.4a 77.3b 76.8b 0.90 <0.01 
Nitrogen 85.9a 84.7a  80.1ab 74.9b 1.90   0.01 
1n=3 pens per treatment 
2n=6 pens per treatment 
a,bP < 0.05 represents treatment differences 
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Table 3.5. Apparent ileal dry matter, organic matter, nitrogen and amino acid 
digestibilities (%) in pigs infected with different viral pathogens 
Parameter Control1 PRRS2 PED2 PRP2 SEM P-value 
AID dry matter 59.3 57.4 50.9 48.8 3.63 0.31 
AID organic matter 77.7 75.8 71.2 69.0 2.45 0.21 
AID nitrogen 68.0 70.3 62.0 65.1 4.11 0.42 
Total amino acids 68.7 69.9 64.5 66.8 3.74 0.65 
Essential amino acids,%  
     Arginine 82.6 81.5 78.2 78.6 2.50 0.64 
     Histidine 76.5 73.8 71.5 73.3 2.81 0.69 
     Isoleucine 71.4 72.3 72.6 72.7 3.04 0.99 
     Leucine 71.0 71.2 70.8 73.3 2.98 0.92 
     Lysine 86.3 83.6 75.8 77.5 2.82   0.095 
     Methionine 83.7 83.5 82.2 83.4 1.94 0.92 
     Phenylalanine 73.0 71.6 73.8 74.3 2.93 0.90 
     Threonine 65.6 69.5 66.3 68.5 3.83 0.82 
     Tryptophan 76.5 81.5 76.1 79.1 2.95 0.37 
     Valine 61.3 64.9 61.3 66.3 3.67 0.62 
Nonessential amino acids, %  
     Alanine 66.0 66.3 62.2 65.2 3.85 0.79 
     Aspartic Acid 68.8 68.8 61.0 62.4 4.40 0.49 
     Cysteine 51.4 53.0 38.7 41.3 6.62 0.37 
     Glutamic Acid 73.0 70.8 63.9 67.6 4.20 0.44 
     Proline 66.5 66.2 59.7 60.4 4.81 0.67 
     Serine 64.7 67.2 64.1 64.4 4.28 0.91 
     Tyrosine 71.8 73.3 73.2 73.7 2.89 0.98 
1n=3 pens per treatment 
2n=6 pens per treatment 
 
  
104 
 
 
 
 
 
 
 
Table 3.6. Effect of infection on blood metabolites. 
Parameter Control1 PRRS2 PED2 PRP2 SEM P-value 
Glucose, mg/dL 148.0 164.2 180.5 166.6 15.4   0.61 
Insulin, ng/mL 0.118 0.157 0.110 0.078 0.021   0.36 
BUN3, mg/dL 11.46a 10.28a 21.16b 21.72b 2.12   0.0009 
NEFA4, mmol/L 0.134a 0.134a 0.131a 0.174b 0.010   0.010 
Glucagon, ng/mL 307.9a 487.1a 1159.1b 1398.2b 162.6   0.0006 
1n=3 pens per treatment 
2n=6 pens per treatment 
3Blood urea nitrogen 
4Non-esterified fatty acids 
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Abstract 
Porcine reproductive and respiratory syndrome (PRRS) and porcine epidemic 
diarrhea (PED) are two economically significant diseases to the swine industry. 
Therefore, our objective was to determine the impact PRRSV and PEDV, alone or 
combination, had on intestinal integrity and function in early grower pigs. Forty-two 
Choice Genetics gilts (16.8 ± 0.6 kg BW), naïve for PRRSV and PEDV, were selected 
and randomly assigned to one of four treatments: 1) Control (n=6), 2) PRRS only (n=12), 
3) PED only (n=12), 4) PRRS+PED (n=12). Treatments 2 and 4 were inoculated with a 
live field strain of PRRSV on day zero (0 days post inoculation, dpi). Treatments 3 and 4 
were inoculated with PEDV on 14 dpi, 7 days prior to euthanasia on 21 dpi. Infection of 
PRRSV was determined by serum QPCR and seroconversion. Fecal PCR was used to 
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confirm PEDV infection. Control pigs remained PRRSV and PEDV negative throughout 
the study. Intestinal morphology was unaffected by PRRSV (P > 0.05). As expected, 
PEDV reduced (P < 0.01) villi height in the duodenum, jejunum and ileum by 40, 45 and 
44% respectively, from controls. Co-infection reduced (P < 0.01) villi height by 35, 27 
and 37% in the duodenum, jejunum and ileum, respectively. Transepithelial resistance 
(TER) did not differ between control and PRRS pigs (P < 0.05) but was reduced 40% by 
PEDV alone (P < 0.01). Interestingly, TER was increased (P < 0.01) in co-infected pigs. 
Active transport of glucose and lysine were increased in PRRS pigs over controls (P < 
0.01 and P = 0.02, respectively) while PEDV increased (P < 0.01) active glutamine 
transport over controls. Jejunum sucrase activity was increased in PRRS pigs by 51% 
over control pigs (P <0.01). Lactase activity in PRRS pigs was also increased 51% over 
control pigs but was not significant (P > 0.05), however, it was significantly increased 
over co-infected pigs (P = 0.03) Maltase and ATPase activity tended (P = 0.06) to be 
increased in PRRS pigs as well. Abundance of GLUT2 mRNA in the jejunum tended (P 
= 0.10) to be elevated in PRRS pigs over other treatments while amino acid transporter, 
SLC9A14, and MUC2 abundance tended (P = 0.09 and P = 0.08, respectively) to be 
increased in co-infection and PED pigs over controls. These data show that PRRSV 
infection supports a higher affinity for glucose uptake. It also suggests digestive 
machinery during PEDV infection, alone or in combination with PRRSV, is still intact.   
 
Key words:  Pig, Porcine epidemic diarrhea virus, PRRS, intestinal integrity, nutrient 
absorption 
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Introduction 
Two of the most important pathogens in U.S. swine herds are Porcine 
Reproductive and Respiratory Syndrome (PRRS) and Porcine Epidemic Diarrhea (PED) 
viruses. These two viruses have estimated to cost the industry more than $1.4 billion 
combined (Holtkamp et al., 2013; Paarlberg, 2014). Although PRRS is an inducer of pro-
inflammatory cytokines, evidence has shown that pigs infected with PRRSV may be 
more susceptible to secondary bacterial and viral challenges (Labarque et al., 2002; Van 
Gucht et al., 2004; Van Gucht et al., 2005). Thus, secondary viral or bacterial challenges 
leading to dual infection seem to have the greatest effect in early to late nursery phases of 
growth, and in three-site production systems (Dorr et al., 2007).  
Because Midwest swine will inevitably be immunologically challenged at some 
point in their life, whether from vaccination or natural infection (NAHMS, 2009), and 
that PEDV is a mucosal (gut surface) pathogen, it is important to understand how PRRSV 
and PEDV infection alone or together alters intestinal function and integrity in nursery 
pigs. Severe diffuse villous atrophy in small intestine and clinical diarrhea is commonly 
reported in pigs infected with PEDV (Stevenson et al., 2013). Thus, reductions in 
performance in pigs with PED are probably related to the decreased intestinal surface 
area, leading to decreased digestive machinery and malabsorption (Jung et al., 2006).   
The objective of this study was to determine if intestinal function and integrity is 
altered due to PEDV or PRRSV infection. As PRRSV is a not enteric pathogen, we 
hypothesized that PRRSV would not alter intestinal function and integrity. However, due 
to PEDV attenuation of enterocytes and villus atrophy in the small intestine (Madson et 
al., 2014), we hypothesized that PEDV, alone or in a co-infection, would attenuate 
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intestinal integrity, digestive and absorptive machinery in the small intestine of growing 
pigs. 
 
Materials and Methods 
Animals, housing, and Experimental Design.  Animal work was approved by the Iowa 
State University Animal Care and Use Committee (IACUC#) and adhered to the ethical 
and humane use of animals for research. This study was conducted as described in 
(Chapter 3). Briefly, pigs were assigned to 1 of 4 treatments groups involving different 
viral infections for a 21 d study period. Treatments included 1) Control, 2) PRRSV only, 
3) PEDV only and 4) PRRSV + PEDV in combination. Each treatment was assigned a 
different room consisting of six pens, two pigs per pen. Throughout the study pigs were 
allowed ad libitum access to feed and water. All pigs were fed a common corn-soybean-
DDGS diet that met or exceeded NRC (2012) requirements 
 
Intestinal Histology and ex vivo permeability.  Whole duodenum, ileum, and jejunum 
samples were fixed in formalin and submitted to the Iowa State University Veterinary 
Diagnostic Laboratory for sectioning and hematoxylin and eosin staining of intestinal 
tissues and structures. Using a microscope (Leica® DMI3000 B Inverted Microscope, 
Bannockburn, IL) with an attached camera (QImaging® 12-bit QICAM Fast 1394, 
Surrey, BC), pictures were taken of 12 villi and crypt pairs per sample section, with three 
sections taken per pig per tissue. Each image was measured for villus height and crypt 
depth. Finally, the average of 36 villi and crypts per intestinal section were calculated and 
reported as one number per pig. Images of individual villi and crypts were obtained using 
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Q-capture Pro 6.0 (QImaging®, Surey, BC) and measurements were taken using Image-
Pro Plus 7.0 (Media Cybernetics®, Bethesda, MD). 
On d 21, jejunum segments from 32 pigs (n=8/trt) were mounted into modified 
Ussing chambers (Physiological Instruments, San Diego, CA) for determining intestinal 
integrity and nutrient transport. Tissue samples were pinned and placed vertically into the 
chambers, connected to dual channel current and voltage electrodes submerged in 3% 
noble agar and filled with 3M KCl for electrical conductance. Serosal and mucosal sides 
of each segment were bathed in 4 mL of Krebs-Henseleit Buffer (KHB) and provided 
with constant O2-CO2 mixture. Individual segments were clamped at a voltage of 0 mV 
and transepithelial electrical resistance (TER) was determined as previously described 
(Gabler et al., 2007). Jejunum active glucose, glutamine, and Lys transport were also 
measured as previously described by Gabler (2007).  
To further assess intestinal integrity, jejunum mucosal to serosal macromolecule 
transport of 4.4 kDa fluorescein isothiocyanate labeled dextran (FD4, Sigma®, St. Louis, 
MO) was used.  After 20 min of stabilization, KHB was removed from the luminal side 
and 2.2 mg/mL of FITC-Dextran and fresh KHB were added to the acceptor side. 
Samples from both sides were obtained in duplicate every 20 min for 80 min. The relative 
fluorescence was then determined using a fluorescent plate reader (Synergy 4, Bio-Tek, 
USA) with the excitation and emission wavelengths of 485 and 520 nm, respectively. 
Thereafter, an apparent permeability coefficient (Papp) was calculated for each treatment 
(Tomita et al., 2004):  
 )0/( CAdtdQPaPP 
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Where: dQ/dt = transport rate (µg / min); C0 = initial concentration in the donor chamber 
(µg / mL); A = area of the membrane (cm2).  
 
Intestinal Lesion Scoring.   After 48 h fixation in neutral buffered formalin, sections of 
duodenum, jejunum and ileum were trimmed, processed and embedded in paraffin. 
Sections were stained with hematoxylin and eosin. Tissues were evaluated for evidence 
of villus atrophy and fusion and inflammatory infiltrates by a veterinary pathologist 
blinded to the study. Scores of 0, 1, 2 or 3 were assigned to each segment based on the 
severity of villus atrophy and fusion and inflammatory infiltrates. A score of 0 
represented no morphologic change; 1 represented mild villus atrophy and fusion with 
scant inflammatory infiltrates; 2 represented moderate villus atrophy and fusion with 
mild to moderate inflammatory infiltrates; 3 represented severe villus atrophy and fusion 
with moderate inflammatory infiltrates.  
 
Disaccharide and L-Alanine Aminopeptidase Activities. Immediately following 
euthanasia, jejunum samples were collected and snap frozen for later disaccharide and L-
alanine aminopeptidase assays using modified methods according to Dahlqvist (1964) 
and Roncari and Zuber (1969), respectively. Samples were homogenized in a phosphate 
buffered saline solution (PBS) and ran in 4 duplicate sets to encompass a blank to 
measure any glucose already present in the sample and with the addition of 56 mM 
solutions of either sucrose, lactose, or maltose to measure sucrase, lactase, and maltase 
activities. All samples were incubated in a 37 °C water bath for 30 min, allowing the 
liberation of glucose. The reaction was stopped by placing all samples on a 100 °C 
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heating block for 2 min then cooled. Samples and standards were then analyzed for 
glucose using glucose oxidase assay which oxidized the liberated and standard glucose. 
Plates were read at 540 nM (Synergy4 microplate reader, Bio-Tek, Winooski, VT).  
L-alanine aminopeptidase assay used 10 µL of sample mixed with 1 mL of 1.66 
mM L-alanine p-nitroanilide solution in PBS. When L-alanine p-nitroanilide comes into 
contact with the sample and is incubated, the release of p-nitroanilide is an indicator of L-
alanine absorption and can be measured using colorimetric analysis. This was incubated 
for 10 min in a 40°C water bath and the reaction was then stopped using 3 mL of 2M 
acetic acid. A serial dilution of 1 mg/mL 4-nitroaniline in ethanol was used for the 
standard. One hundred µL of this solution was then plated on a 96-well plate in duplicate 
and read at 384 nm (Synergy4 microplate reader, Bio-Tek, Winooski, VT).  
 
Jejunum mucin protein abundance and Na+/K+ ATPase activity.  Mucin 2 and Mucin 5 
subtype ac were measured using commercially available kits (My Biosource and Biotang 
Inc., respectively). Jejunum was homogenized in sucrose buffer (pH 7.4) consisting of: 
50 mM sucrose, 1 mM Na2EDTA, and 20 mM tris base and centrifuged at 1,000 ∙ g for 
10 min at 4 °C for protein extraction. Protein extracts were separated into 5 aliquots: two 
for water, two for ouabain, and one for BCA protein analysis. Proteins with either MQ 
H2O or 20 mM ouabain were pre-incubated for 15 min with Na
+/K+ ATPase reaction 
buffer (pH 7.0; 2000 mM NaCl, 100 mM KCl, 50 mM MgCl2 and 250 mM HEPES) and 
then incubated for 45 min after addition of fresh 105 mM ATP to start the reaction. After 
45 min the reaction was terminated using ice-cold 50% trichloroacetic acid. Samples 
were centrifuged at 1500 ∙ g for 10 min at 4 °C to obtain the final product which was 
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present in the supernatant (Fuller et al., 2003). Lastly, samples were analyzed for the 
presence of inorganic phosphate (Pi) using the molybdovanadate method (Ueda and 
Wada, 1970) and assessed at 400 nm (Synergy4 microplate reader, Bio-Tek, Winooski, 
VT). Specific Na+/K+ ATPase activity was determined by the difference in Pi production 
from ATP in the presence or absence of ouabain (specific Na+/K+ ATPase inhibitor). 
Unspecific phosphate hydrolysis was calculated by measuring liberated Pi in the absence 
of protein suspension and expressed on a per unit time and protein basis. 
   
mRNA Abundance.  RNA was extracted from jejunum tissue according to the Trizol 
protocol (Invitrogen, Grand Island, NY). Total RNA was quantified by measuring the 
absorbance at 260 nm using a spectrophotometer (ND-100, NanoDrop Technologies, 
Rockland, DE) and purity assessed by determining the 260:280 nm ratio (NanoDrop). All 
samples had ratios above 1.8. One µg of total RNA was transcribed in a reaction 
combining genomic DNA elimination using a commercially available kit (Quantitect 
reverse transcription kit, Qiagen, Valencia, CA). cDNA was quantified using NanoDrop 
and used for real-time quantitative PCR. Real-time qPCR was done using a BioMark™ 
HD system (Fluidigm Corporation, San Francisco, CA). cDNA was used for specific 
target amplification using the TaqMan PreAmp Master Mix (Life Technologies) and 
loaded onto Fluidigm’s Dynamic Array Integrated Fluidic Circuits (IFC) according to 
Fluidigm’s EvaGreen DNA binding dye protocols. Gene symbols and primer sequences 
are listed in (Table 4.1). One 48.48 Dynamic Array IFC plate was used to analyze mRNA 
abundance of selected genes in porcine jejunum tissues. RPL32, ACTB, and TOP2B 
were included into the qPCR array to select for endogenous reference genes. The mRNA 
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abundance values for each sample were normalized to a pooled primer sample according 
to the 2ΔΔCT method (Livak and Schmittgen, 2001) as well as being normalized to 
control pigs. 
 
Data Analysis.  Data was statistically analyzed using the MIXED procedure of SAS (SAS 
Inst. Inc. Cary, NC). Performance data collected used pen as the experimental unit. 
Analyses for intestinal permeability, disaccharide and L-alanine aminopeptidase assays 
were analyzed using pig as the experimental unit. Correlations between phenotypic data 
and clinical lesion scores were also analyzed using the CORR procedure of SAS. All data 
are reported as LSmeans ± SEM and considered significant if P ≤ 0.05 and a trend if P ≤ 
0.10.  
 
Results 
Villus height, crypt depth, and the ratio of villus height to crypt depth were 
determined in the duodenum, ileum, and jejunum after 21 dpi (Figure 4.1 and Table 4.2). 
Infection with PRRSV showed no reduction in villus height or crypt depth and no 
difference in ratio in any of the sections (Table 4.2, P < 0.05). PEDV infection markedly 
reduced (P < 0.01) villus height and increased crypt depth (P < 0.01) across all sections 
of the intestine which consequently resulted in a reduced villus height to crypt depth ratio 
(P < 0.01). PRRS+PED also had a reduction in villus height and an increase in crypt 
depth (P < 0.01) among all tissues but, interestingly, not as great of a reduction compared 
to the PED pigs.  
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Jejunum TER was decreased 40% due to PED infection (P < 0.01, Table 4.3) but 
was unchanged in pigs infected with PRRS. Interestingly, TER was increased 70% when 
pigs were co-infected with PRRS and PED. Somewhat similar findings were seen in 
jejunum FD4 permeability. PRRS, PED, and PRRS+PED infections increased FD4 
permeability by 151%, 131%, and 292%, respectively, but due to large individual pig 
variation, there was no statistical significance (P = 0.21).  
Active glucose transport was increased in PRRS pigs by 125% at 21 days (P < 
0.01, Table 4.3) compared to Control pigs. Glucose transport was not different between 
Control, PED, or PRRS+PED treatments. PRRS pigs also showed an increase in active 
lysine transport compared to Control and PRRS+PED pigs (P = 0.02). Active glutamine 
transport was increased in PED pigs compared to all other treatments (P < 0.01).   
Jejunum lactase and sucrase activity was greatly increased in PRRS pigs (P = 
0.03 and P < 0.01, respectively, Table 4.3). Numerical reductions of 18% and 36% were 
seen when comparing Control pigs to PED and PRRS+PED pigs, respectively. PRRS 
pigs also tended (P = 0.06) to have elevated maltase activity compared to other 
treatments. Similar to lactase and sucrase activity, maltase activity was numerically 
reduced in PED (22%) and PRRS+PED (14%) pigs. No differences were reported 
between jejunum aminopeptidase activities. Likewise, no differences were seen in mucin 
2 or mucin 5ac protein production (Table 4.3, P = 0.51 and P = 0.74, respectively). 
Na+/K+ ATPase activity tended to be different among treatments (P = 0.06). PRRS+PED 
pigs showed the highest activity, while PED pigs had the lowest.  
Jejunum mRNA abundance of different nutrient transporters and intestinal 
integrity markers was assessed (Table 4.4). There were no significant differences 
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between treatments. However, there was a trend of increased GLUT2 in PRRS pigs (P = 
0.10), and a tendency for amino acid transporter SLC6a14 (ATB0,+, a Na+/Cl- dependent 
amino acid transporter) to be increased in all treatments from controls (P = 0.09). There 
was also a trend of MUC2 mRNA abundance increased in PED pigs from the controls (P 
= 0.08).  
Residual correlations were made using 21 dpi total histological disease activity 
scores and 0-21 dpi growth performance (Table 4.5). Predictably, histological disease 
activity score and growth performance were negatively correlated. ADG and G:F were 
both significantly negatively correlated (P = 0.02 and P = 0.01, respectively), while there 
was a trend for ADFI to be negatively correlated to histological score (P = 0.10).   
 
Discussion 
We have previously reported that ATTD coefficients are reduced by PEDV and a 
co-infection of PRRSV and PEDV, but PRRSV alone does not reduce ATTD (Chapter 
3). Additionally, we reported that both PRRSV and PEDV antagonized growth and feed 
intake in pigs. Therefore, the objective of this paper was to determine the impact PRRSV 
and PEDV, alone or combination, had on intestinal integrity and function in early grower 
pigs. These results indicate that intestinal integrity is impaired with PEDV, but not 
PRRSV, and that the capability to absorb nutrients seems to be unaffected by either 
systemic or enteric infection challenge. Reductions in villi height with increased crypt 
depth has been reported with PEDV challenged pigs (Stevenson et al., 2013; Madson et 
al., 2014). However, characterization has been done in suckling pigs not with grower 
pigs, as in this study, where pathologic impact is generally less severe. Similar to these 
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previous findings, we reported the small intestinal villus atrophy, villi becoming more 
fused and increase immune cell infiltrates in PEDV infected pigs compared to PRRS or 
healthy control nursery pigs. We observed no reductions in villi or crypt measurements 
due to a 21 d PRRSV challenge, which refutes a previous report from Escobar et al. 
(2006). However, we hypothesized that as PRRSV acts as a systemic/respiratory 
infection and does not specifically impact the intestinal epithelium as with PEDV and 
would not impact intestinal morphology. Therefore, differences between this study and 
the previous report are likely due to different ages of pigs, nursery versus grower pigs or 
genotype. Weaning is known to cause reduction in villi height (Moon, 1971), which 
could have been exacerbated by PRRSV infection in younger pigs used by Escobar et al. 
(2006). Interestingly, co-infection with PRRSV and PEDV did not result in greater 
intestinal morphology reductions compared to PEDV alone. This could be due to the 
systemic nature of PRRSV, where the immune system is already active when PEDV was 
administered. It has been reported that boars infected with PRRSV have elevated serum 
and oral fluid IgA beginning around 8 dpi and persisting through 21 dpi (Kittawornrat et 
al., 2013), possibly providing augmented mucosal immunity.  
Correlations made from the degree of intestinal damage and growth was 
predictable. As the degree of damage increased, performance parameters decreased. 
Immune cell infiltrates were seen in PED and PRRS+PED pigs, indicating immune 
response to the enteric infection, while no substantial infiltrates were seen in PRRS only 
pigs due to its systemic nature. Reductions in performance are probably related to the 
decreased intestinal surface area, leading to malabsorption commonly seen in PEDV 
infection (Jung et al., 2006). Similarly, Jung et al. (2006) reported reductions in brush 
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border enzyme activity at 3 dpi in PEDV infected suckling pigs. This is in agreement 
with the current results, although there were only numerical differences between Control, 
PED and PRRS+PED pigs. Differences may be due to age of the pig and timing of 
sampling. Interestingly, PRRS infection alone increased lactase and sucrase activity 
significantly, suggesting increased preference for glucose and other glycolytic substrates.  
Rotavirus has been shown to alter intestinal permeability and integrity (Dickman 
et al., 2000; Zhang et al., 2000). However, little is known if PEDV infections reduce 
intestinal permeability and integrity. Therefore, we assessed ex vivo jejunum intestinal 
integrity using modified Ussing chambers and examined TER and FD4 permeability. 
Transepithelial resistance is a measure of electrical resistance that reflects ion 
permeability across tight junction pores, where a higher resistance reflects healthier gut 
integrity. Dextran flux assesses the paracellular movement of macromolecules with a 
higher macromolecule movement being associated with a more permeable gut. As 
hypothesized, PRRSV did not alter jejunum TER, while PEDV greatly reduced TER. 
Interestingly, co-infection greatly increased TER of the jejunum. Although there were not 
significant differences in FD4, there were numerical differences. Permeability was 
increased in PRRSV, PEDV and co-infected pigs by 150, 97 and 338%, respectively. 
Although we expected increased permeability with decreased TER in co-infected pigs, 
these measure different aspects of intestinal barrier function. This discrepancy was 
similar to other results reported in pigs infected with Salmonella typhimurium, where 
permeability and TER were both elevated (Boyer et al., 2015). This elevated TER may be 
a result of differences in transepithelial potential difference (PD), which reflects the 
voltage gradient generated by the tissue. We also reported no difference in protein 
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abundance of mucin 2 or mucin 5 subtype ac between treatments. MUC2 expression 
tended to be increased in PED infected pigs and less so in PRRS+PED pigs. MUC2 
forms a gel layer on the intestinal epithelium, providing a barrier that protects against 
bacterial pathogens (Kim and Ho, 2010). Collectively, these data suggest that jejunum 
integrity is altered due to PEDV infection, alone or in combination with PRRSV. 
Additionally, we reported no changes in tight junction protein mRNA abundance due to 
PRRS or PEDV.  
Active jejunum glucose transport in PRRS pigs was elevated compared to the 
control, PED and PRRS+PED treatments. Thus, PEDV attenuates enterocyte glucose 
transport likely due to villus atrophy and that glucose transporters are primarily located 
near the tip of the villi (Ferraris, 2001). Interestingly, PRRS may have increased glucose 
transport to support shifts in metabolism during immune stress periods. During an 
immune response, it has been reported that the body relies more on glycolysis than 
oxidative phosphorylation to produce more ATP per unit of time to maintain the immune 
response and homeostasis (Tannahill et al., 2013; O'Neill, 2014). Thus, we speculate that 
intestinal glucose digestion and absorption maybe prioritized during PRRSV challenge. 
This would agree with what we have previously reported in lipopolysaccharide 
(Rakhshandeh et al., 2012) and high ambient heat challenged pigs (Pearce et al., 2013).   
Ex vivo analysis of glutamine transport in jejunum segments of PED challenged 
pigs showed increased active glutamine transport compared to the PRRS and control 
pigs. Physiologically, glutamine is preferentially used over glucose by enterocytes for 
proliferation and repair (Wu et al., 1995; Wu et al., 1996; Blachier et al., 2009). In beef 
cattle infected with the protozoan Cryptosporidium parvum, villus atrophy occurred, 
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similar to PEDV infection, but glutamine transport was still viable due to transporters 
located on the apical border of the crypt epithelium (Blikslager et al., 2001). The 
increased glutamine transport suggests enterocyte proliferation, which is plausible as 
peak PEDV infection occurs 2-3 dpi with symptoms disappearing by 10 dpi and 
restitution evident at 14 dpi (Madson et al., 2014).  
Surprisingly, gene expression was not different between treatments. There was a 
tendency for GLUT2 increase in PRRS pigs, continuing the trend of favoring glycolysis, 
as GLUT2 is a glucose transporter across the enterocyte membrane. Although not 
significantly different, SGLT1 was numerically decreased in PED pigs, agreeing with the 
intestinal morphologic data of reduced villi. SLC6a14 transports all essential amino 
acids. It also transports leucine, glutamine and arginine and has a tendency to be 
increased in PED and PRRS+PED pigs. These three amino acids have different fates once 
absorbed. Leucine is an activator of the mammalian target of rapamycin (mTOR) 
pathway and can increase protein synthesis rates (Murgas Torrazza et al., 2010). Leucine 
can also improve glucose homeostasis, providing substrates for gluconeogenesis, as well 
as stimulating the glucose-alanine cycle (Li et al., 2011). SLC6a14 can also function as a 
glutamine transporter, continuing the trend of increasing glutamine use during enteric 
infection. Arginine acts as a substrate for nitric oxide, which has been reported to have 
anti-apoptotic effects (Radisavljevic, 2003). PEDV has been reported to induce apoptosis 
(Kim and Lee, 2014). As a result, the increased abundance of SLC6a14 may suggest 
increased arginine uptake to provide nitric oxide to aid against apoptosis. The impact of 
leucine, glutamine and arginine during systemic and/or enteric infection should further be 
explored to fully understand their roles.  
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Altogether, these data show that PRRSV infection does not negatively impact 
intestinal health or function and supports a higher affinity for glucose uptake. It also 
suggests that while intestinal morphology is negatively impacted during PEDV infection, 
alone or in combination with PRRSV, digestive machinery is still intact. Further, it 
suggests that pigs infected with PEDV have a higher affinity for glutamine.   
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          Table 4.1. Primer Sequences 
Gene Name Sense (5’- 3’) - Forward Antisense (5’- 3’) - Reverse 
   GLUT2 TCATCAGCTGGCCATTGTCA GCTCATGATTGCCCAGGAGAA 
   SGLT1 GGCTGTTCCAACATTGCCTA CAACATGACCGACAGCATCA 
   SLC6A14 CTTGGTCTCGTCTGTGTGAC GCAATCAAAATGCCCCATCC 
   MUC2 CTGTGTGGGGCCTGACAA AGTGCTTGCAGTCGAACTCA 
   CLDN3 TTGCATCCGAGACCAGTCC AGCTGGGGAGGGTGACA 
   OCLN TCGTCCAACGGGAAAGTGAA ATCAGTGGAAGTTCCTGAACCA 
   ZO1 GCTCTTGCACTAGCTCTGAC ACGACCTGTCTACAGCTTCA 
   RPL32 CCGGAAGTTTCTGGTACACAA GGAAGAGACGTTGTGAGCAA 
   TOP2B CGGCAGGAGAACATCCAAAA GGGAAGAGGTCCACATCTGAA 
   ACTB CCTGAACCCCAAAGCCAAC TACATGGCTGGGGTGTTGAA 
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Table 4.2. Effect of infection on intestinal morphology and clinical score1 
 
 
 
Parameter Control PRRS PED PRRS + 
PED 
SEM P-value 
Duodenum Morphology      
   Villous Height, µm 410a 426a 244b 266b 8.3 <0.01 
   Crypt Depth, µm 282b 285b 316a 286b 6.6 <0.01 
   Villous:Crypt 1.46a 1.52a 0.79b 0.94b 0.09 <0.01 
    Lesion Score 0.00a 0.00a 0.42a 1.08b 0.15 0.0001 
Ileum Morphology       
   Villous Height, µm 422a 408a 235c 264b 7.8 <0.01 
   Crypt Depth, µm 279bc 274c 301b 317a 6.5 <0.01 
   Villous:Crypt 1.54a 1.49a 0.79b 0.85b 0.08 <0.01 
    Lesion Score 0.00a 0.08a 1.33b 1.58b 0.12 <0.01 
Jejunum 
Morphology 
      
   Villous Height, µm 368a 323b 204d 270c 7.0 <0.01 
   Crypt Depth, µm 268b 233c 298a 267b 5.9 <0.01 
   Villous:Crypt 1.38a 1.39a 0.70c 1.03b 0.08 <0.01 
    Lesion Score 0.00a 0.00a 0.83b 1.75c 0.16 <0.01 
Overall Lesion Score 0.00a 0.08a 2.58b 4.42c 0.38 <0.01 
1Values are means of six pigs per treatment 
a,b,c,dP < 0.05 
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Table 4.3. Effect of infection on jejunum integrity and function1 
Parameter Control PRRS PED PRRS + PED SEM P-value 
Ex vivo Integrity2      
   FD43, AU 39 98 87 153 34.4   0.21 
   TER4, AU 1.0a 1.0a 0.6b 1.7c 0.06 <0.01 
Active  Transport       
   Glucose, AU 4.45b 10.01a 1.84b 2.82b 1.28 <0.01 
   Glutamine, AU 0.97b 1.74b 3.08a 0.88b 0.48 <0.01 
   Lysine, AU 0.75b 2.08a 1.44ab 0.52b 0.34   0.02 
Mucin Expression       
  Mucin 2, µg/mg protein 0.45 0.42 0.36 0.41 0.045   0.51 
  Mucin 5ac6, ng/mg protein 0.023 0.031 0.026 0.028 0.005   0.74 
Digestive Enzyme Activity      
  Lactase5 2.2ab 4.5a 1.8ab 1.4b 0.74   0.03 
  Maltase5 15.5 21.7 12.1 13.4 2.54   0.06 
  Sucrase5 6.6b 13.5a 2.4b 4.2b 1.17 <0.01 
  Aminopeptidase6 11.9 13.1 12.7 12.8 0.50   0.45 
Na+/K+-ATPase activity7 329 370 265 388  37.2   0.06 
1Values are means of six pigs per treatment 
2 n=12 per treatment 
3FD4, Fluorescein isothiocyanate-dextran 4.4 kDa 
4TER, Transepithelial resistance 
5liberated glucose, µmol/min/g protein 
6µmol / min / g protein 
7µmol Pi liberated /mg protein / h 
a,b,cP < 0.05 
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Table 4.4. Effect of infection on jejunum mRNA abundance1 
Parameter Control PRRS PED PRRS + PED SEM P-value 
   GLUT2 1.00 2.27 0.59 0.96 0.55 0.10 
   SGLT1 1.00 1.33 0.45 0.94 0.37 0.35 
   SLC6A14 1.00 2.42 3.91 4.65 1.01 0.09 
   MUC2 1.00 1.95 4.36 3.20 0.93 0.08 
   CLDN3 1.00 1.69 1.32 2.67 0.97 0.63 
   OCLN 1.00 1.26 0.90 1.57 0.43 0.66 
   ZO1 1.00 3.17 5.64 3.64 2.02 0.46 
1Values are means of six pigs per treatment 
2 mRNA abundance (fold change) values for each sample normalized to pooled reference 
according to 2∆∆CT method 
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Table 4.5.  Pearson Correlation Coefficients of disease histological scores and performance1 
 Score ADG ADFI GF 
Score 1.00 -0.52 
(P = 0.015) 
-0.37 
(P = 0.103) 
-0.53 
(P = 0.013) 
ADG  1.00 0.91 
(P = 0.0001) 
0.82 
(P = 0.0001) 
ADFI   1.00 0.54 
(P = 0.003) 
GF    1.00 
 
1Upper row = residual correlation,  Bottom row = P-value 
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Figure 4.1. Duodenum (A-D), jejunum (E-H), and ileum (I-L) samples were collected at 21 dpi and analyzed for villi height and crypt 
depth. The results are shown from left to right: Control, PRRS, PED, and PRP for each segment.  
 
  
I) 
G) 
D) C) A) 
L) K) J) 
H) F) E) 
B) 
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CHAPTER 5  
GENERAL DISCUSSION 
 
In the Midwest, it is inevitable that a pig will be immunologically challenged at 
some point in their life, whether from vaccinations or natural infections. Two highly 
prevalent pathogens in the U.S. swine herd are Porcine Reproductive and Respiratory 
Syndrome (PRRS) and Porcine Epidemic Diarrhea (PED) viruses, that have cost the 
industry more than $1.4 billion combined (Holtkamp et al., 2013; Paarlberg, 2014). It has 
been reported that approximately 70% of pigs in the Midwest are positive for PRRS 
antibodies (NAHMS, 2009). Additionally, PEDV has been reported in more than 30 
states and is estimated to have caused the death of more than 8 million pigs and cost the 
industry between $800 million and $1.2 billion (Paarlberg, 2014; AASV, 2015). It is also 
well documented that PRRS enhances susceptibility to secondary infection (van Reeth 
and Nauwynck, 2000; Brockmeier et al., 2001; Bush et al., 2003). However, there is little 
data that has quantified the impact of PRRS, a respiratory and systemic infection, on 
growth, feed intake and feed efficiency, arguably the most important parameters to 
producers. Even less is known about the mechanisms by which PRRS may cause these 
reductions. Since its detection in the U.S. in 2013, there is also little data quantifying the 
effects that PEDV has on pig performance and intestinal function and integrity. Most of 
the reported PEDV studies have investigated its effects on intestinal morphology in 
suckling or early weaned piglets (Stevenson et al., 2013; Madson et al., 2014). Therefore, 
altogether the overall objective of this thesis was to characterize how PRRSV and PEDV, 
alone or in combination, affect growing pig performance and intestinal function and 
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integrity. This overall objective was address in three experimental research chapters 
(Chapters 2 to 4).  
In our first experiment (Chapter 2), we examined the longitudinal impact PRRSV 
infection had on growth performance, digestibility and tissue accretion in grow-finisher 
pigs. Based on previous work in a 21 day PRRSV challenge nursery pig model (Escobar 
et al., 2004), we hypothesized that PRRSV would reduce growth performance, feed 
efficiency and tissue accretion over a test period that covered late nursery to market. We 
also hypothesized that PRRSV would attenuate apparent total tract digestibility (ATTD) 
of nutrients and energy. As expected, growth performance parameters, ADG, ADFI and 
G:F, were all markedly reduced from 0-42 days post inoculation (dpi) and for the overall 
test period (110-114 dpi). Interestingly, from 43-70 dpi, growth performance and tissue 
accretion rates were similar between the PRRSV naive control and challenged pigs. 
Compared to healthy naïve gilts, PRRSV reduced whole body tissue accretion rates for 
lean, protein, fat and bone mineral in the first 0-42 and 0-80 dpi.  However, examining 
tissue accretion over 43-80 dpi, PRRSV infected pigs had similar lean, protein, bone 
mineral and whole body tissue accretion, while whole body fat accretion was still reduced 
in the PRRSV challenged pigs. The overall reduction in fat accretion throughout the 
study also translated into leaner carcasses and reduced yield at market in the PRRSV 
challenged compared to the healthy control gilts.  
Considering the significance of PRRSV to the swine industry, there is little 
research examining the impact of PRRSV, or most other pathogens, on nutrient and 
energy digestibility. Most of this type of research has used inflammation as a model, such 
as single or repeated lipopolysaccharide (LPS) (Rakhshandeh et al., 2012; Rakhshandeh 
133 
 
 
et al., 2014), turpentine (Rakhshandeh and de Lange, 2012) or complete Freund's 
adjuvant (CFA) (Edwards and Slauson, 1983; Krejci et al., 2013) challenges. Although 
digestibility during PRRSV infection had not been explored, based on these inflammation 
challenge models, it is assumed that digestibility is reduced. As hypothesized, ATTD of 
DM, N and GE were all significantly reduced at 21 dpi due to PRRSV compared to the 
naïve control pigs. Interestingly, ATTD coefficients were still reduced at 70 dpi with 
PRRSV compared to the control pigs, even though feed intake and growth rates were 
similar at this later time. The overall cost of PRRS through the reductions in growth, 
tissue accretion and digestibility lead to an increase in days to market (105 vs. 119 days, 
naïve verses PRRSV challenged, respectively). Based on our phenotypic data collected, 
we estimated the economic impact of PRRSV infection in grow-finisher pigs, depending 
on management style, to cost producers $6-12 per pig.    
Due to high PRRSV infection rates in the Midwest and the increased prevalence 
of PEDV, the likelihood of PRRSV and PEDV co-infection is high. Therefore, Chapters 
3 and 4 were designed to examine the effect of PRRSV and PEDV infection, alone or in 
combination, on growth performance, digestibility and intestinal function and integrity in 
a 21 day infection study model. Based on our previous data (Chapter 2) and the fact that 
PEDV causes severe diarrhea and mortality in young pigs (Madson et al., 2014), we 
hypothesized that PRRSV and PEDV infection would reduce growth performance, feed 
efficiency and digestibility (Chapter 3). Expectedly, infection with PRRSV reduced 0-21 
dpi ADG and ADFI, while only reducing G:F from 0-14 dpi. After PEDV infection at 14 
dpi, PEDV reduced the 15-21 dpi ADG by almost half. Interestingly, ADFI and G:F were 
not significantly reduced during the same period. The PEDV challenge did not reduce 
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overall performance (0-21 day) from naive controls or PRRSV infected pigs. As 
expected, the pigs co-infected with PRRSV and PEDV had reduced performance and 
feed efficiency throughout the 21 day test period. These reductions were more severe 
than PRRSV or PEDV alone, suggesting an additive effect of co-infection.  
Chapter 3 also studied the effects of PRRSV and PEDV challenges on nutrient 
and energy apparent digestibility. Interestingly, unlike what we reported in Chapter 2, 
infection with PRRSV for 21 days did not reduce ATTD of dry matter, nitrogen, organic 
matter or gross energy. This discrepancy in ATTD may be a result of differences in 
housing (industry barn verses BSL2 and genotype). However, infection with PEDV 
significantly decreased ATTD of dry matter and gross energy, but did not affect ATTD of 
organic matter or nitrogen. As expected, co-infection reduced all ATTD coefficients, and 
similar to growth parameters, coefficients were reduced even greater than infection with 
PRRSV or PEDV only. These challenge treatments had no effect on apparent ileal 
digestibility (AID) of dry matter, organic matter, nitrogen or amino acids. However, ileal 
cannulation studies are warranted to examine more accurately SID and endogenous losses 
of amino acids under health challenges. 
We then wanted to determine if intestinal function and integrity is altered due to 
PEDV or PRRSV infection (Chapter 4). As PRRSV is a not enteric pathogen, we 
hypothesized that PRRSV would not alter intestinal function and integrity. However, due 
to PEDV infecting the enterocytes, thinning the small intestinal epithelium and causing 
villous atrophy, we hypothesized that PEDV, alone or in a co-infection, would attenuate 
intestinal integrity, digestive and absorptive machinery in the small intestine of growing 
pigs. Intestinal morphology and digestive enzyme activity has been previously reported to 
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be negatively affected by PRRSV (Escobar et al., 2006) and PEDV (Jung et al., 2006). 
We reported no difference in morphology of the duodenum, jejunum or ileum between 
PRRSV and control pigs which contradicts a previous report (Escobar et al., 2006). As 
expected, PEDV resulted in severe villus atrophy, with the most severe alterations seen in 
the jejunum. Although co-infection with PRRSV negatively impacted intestinal 
morphology throughout the small intestine, it was less severe than PEDV alone. 
Jejunum intestinal integrity was assessed ex vivo in modified Ussing chambers 
using transepithelial resistance (TER) and fluorescein isothiocyanate (FITC)-dextran 
(FD4) macromolecule permeability. Transepithelial resistance is a measure of electrical 
resistance that reflects ion permeability across tight junction pores, where a higher 
resistance reflects healthier gut integrity. Dextran flux assesses the paracellular 
movement of macromolecules with a higher macromolecule movement being associated 
with a more permeable gut. As hypothesized, PRRSV did not alter jejunum TER, while 
PEDV greatly reduced TER. Interestingly, co-infection greatly increased TER of the 
jejunum. Although there were not significant differences in FD4, there were numerical 
differences. Permeability was increased in PRRSV, PEDV and co-infected pigs by 150, 
97 and 338%, respectively. Although we expected increased permeability with decreased 
TER in co-infected pigs, these measure different aspects of intestinal barrier function. 
This discrepancy was similar to results reported in pigs infected with Salmonella 
typhimurium, where permeability and TER were both elevated (Boyer et al., 2015). This 
elevated TER may be a result of differences in transepithelial potential difference (PD), 
which reflects the voltage gradient generated by the tissue. We also reported no 
difference in protein abundance of mucin 2 or mucin 5 subtype ac between treatments. 
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Collectively, these data suggest that jejunum integrity is altered due to PEDV infection, 
alone or in combination with PRRSV.  
We then examined ex vivo jejunum active transport of glucose, glutamine and Lys 
in the modified Ussing chambers. Active glucose transport was significantly increased by 
PRRSV compared to control, PEDV and co-infected pigs. Active Lys transport was 
significantly increased by PRRSV infection compared to control and co-infected pigs, but 
did not differ from PEDV only pigs. However, active glutamine transport was 
significantly increased in the PEDV only infected pigs. Abundance of nutrient transporter 
mRNA in the jejunum also did not differ between treatments, while there was a tendency 
for glucose transporter, GLUT2, to be increased in PRRSV pigs, which would support the 
increased active glucose transport reported. These data suggest that with differences in 
active transport, but not in transporter mRNA abundance, nutrient transporter kinetics 
may differ between treatments, with PRRSV pigs being more efficient in glucose 
transport and PEDV pigs more efficient in glutamine transport. Interestingly, PRRSV 
increased lactase and sucrase activity in the jejunum. However, disagreeing with our 
hypothesis, PEDV did not alter lactase, maltase, sucrase, or aminopeptidase activity in 
the jejunum.  
The data reported in this thesis has provided a better understanding of how 
different pathogens affect pig performance and productivity. In summary, both systemic 
and enteric pathogens, like PRRSV and PEDV, respectively, reduce growth performance 
and feed efficiency in growing pigs. We determined intestinal integrity was not majorly 
affected by infection with PRRSV, but ATTD was altered. Also during PRRSV infection, 
the pig seems to be referencing glucose absorption. During an immune response the body 
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relies more on glycolysis than oxidative phosphorylation (O'Neill, 2014) and that 
increased nitric oxide production would disable oxidative phosphorylation in the 
mitochondria (Everts et al., 2012; Tannahill et al., 2013). Therefore, glucose and 
glycolysis is needed to produce adequate amounts of ATP to maintain immune and cell 
function during an infection like PRRSV. We also determined that PEDV reduced 
intestinal integrity, but interestingly, it appears digestive capability is unaltered as there 
was no differences in nutrient transporter mRNA abundance or active nutrient transport 
from controls. In fact, active glutamine transport was increased in PEDV infected pigs 
which is favorable, as glutamine is a major energy substrate for the gut and aids in 
restitution and recovery after insult (Burrin et al., 2001). Finally, tissue accretion was 
reduced in the first 28 days of a PRRSV challenge which could be due to reduced feed 
intake, as seen previously (Ebner et al., 1994). Interestingly, there was no compensatory 
growth which has been reported after a nutritional insult (Mersmann et al., 1987; 
Levesque et al., 2012; Skinner et al., 2012). 
Consequently, further research should be conducted to determine the impact of 
pathogens on the nutritional requirements of the pig and optimal feeding strategies 
developed for health challenges. During health challenges, it is common to see elevated 
cytokine production, specifically interleukin (IL)-1β and IL-6 during PRRSV infection 
(Escobar et al., 2004) and IL-8 during in vitro PEDV infection (Xu et al., 2013a; Xu et 
al., 2013b). Increases in these cytokines lead to the expression of typical sickness 
behavior, i.e. lethargy and loss of appetite (Plata-Salaman and Borkoski, 1993; Johnson, 
1998; Plata-Salamán, 1998). Digestion and absorption of feedstuffs generate heat that 
impedes the febrile response, therefore, reduced appetite is thought to be a coping 
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mechanism during infection to expedite recovery (Hart, 1988; Johnson, 2002). However, 
reductions in feed intake puts the pig in a negative energy state, therefore causing the pig 
to utilize energy stores and muscle tissue to compensate for lost energy intake. There 
have been a limited number of studies that have tried to mitigate this reduced feed intake 
during immune stimulation. Rats infected with Listeria monocytogenes have been force-
fed to the same intake level as healthy uninfected cohorts, which resulted in 93% 
mortality (Murray and Murray, 1979). Similarly, pigeons affected by candidiasis, a yeast 
infection, were force-fed which resulted in diarrhea, 100% morbidity and up to 50% 
mortality reported within 3 days of infection (Tsat et al., 1994). Although force-feeding 
to ad libitum levels may be unwarranted, compensating for decreased feed intake should 
be an area of exploration. We are gaining knowledge of how much different health 
challenges depress feed intake, so by increasing dietary nutrients or energy density could 
compensate for decreased feed intake and warrants investigation.  
Decreased feed intake during infection leads to decreased intake of nutrients and 
energy. However, decreased feed intake only accounts for 40-70% of weight loss 
(Klasing, 1988; Klasing and Calvert, 1999). Infection causes a hypermetabolic state, 
characterized by weight loss, increased resting metabolic rate and increased muscle 
protein catabolism (Clowes et al., 1976) resulting in different nutritional requirements 
and metabolic preferences compared to health animals. During an immune response the 
body relies more on glycolysis than oxidative phosphorylation (O'Neill, 2014) and 
glycolysis is needed to produce adequate amounts of ATP to maintain immune and cell 
function. This is evident as whole body glucose utilization increases by as much as 68% 
with 25% of that coming from skeletal muscle during endotoxin challenge in rats 
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(Meszaros et al., 1987). Similarly, reductions in whole body protein accretion have been 
demonstrated in health challenged pigs (Williams et al., 1997a, b, c; Escobar et al., 2004) 
presumably to provide fuel for the immune response. Lipid deposition is also reduced 
during infection, and this, coupled with reduced skeletal muscle lead to a decrease in 
energy reserves that lead to a reduction in energy allocated to the immune defense 
(Houston et al., 2007), possibly leading to persistent infection or increased risk of 
secondary infection. Although we know protein accretion is negatively impacted during 
immune response, we have not quantified the immune response in pigs challenged with 
an industry applicable pathogen. The use of a pair-fed model would allow for the 
metabolic cost of the immune response and how it relates to tissue accretion and 
performance during a pathogen challenge. Similarly, it would allow us to determine if 
systemic and enteric challenges differ in their energy cost. 
One could speculate that differences in tissue accretion and substrate preference 
during infection would alter amino acid requirements, and therefore, lysine, threonine, 
methionine and tryptophan are not the first limiting amino acids. It has been proposed in 
humans that during the acute phase immune response, the limiting amino acids shift to 
phenylalanine, tryptophan, valine and serine with lysine the 17th limiting amino acid 
(Reeds et al., 1994). Similarly, LPS challenged chickens infused with phenylalanine and 
methionine reported a decrease in phenylalanine in the carotid artery and a decrease in 
free methionine in muscle and liver (Barnes et al., 2002), suggesting that increased 
dietary phenylalanine and methionine would reduce some negative effects of immune 
stimulation on performance. Another study determined that LPS challenged broiler 
chickens had an increased acute phase response when supplemented with L-carnitine 
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(Buyse et al., 2007), a compound synthesized from lysine and methionine. Similarly in 
immune stimulated pigs, ADG and G:F increased as dietary lysine increased while ADFI 
was unaffected (Williams et al., 1997a, b). Currently, more work using LPS challenge is 
being done to determine if this amino acid shift is similar in pigs (Price et al., 2012).  
To better assess amino acid preference, there should be work done to determine 
the standardized ileal digestibility of health challenged pigs. Although we saw no 
difference in AID of specific amino acids, we did not account for endogenous losses. 
Endogenous losses consist of digestive enzymes, mucoproteins, peptides, and free amino 
acids, and have a high content of proline, glycine, threonine, serine, aspartic acid and 
glutamic acid (Stein et al., 1999). Endogenous losses are influenced by BW, with more 
losses occurring at a younger age leading to a higher loss of amino acids. Likewise, 
amino acid composition of endogenous proteins change with increasing BW (Stein, 
1998).  
Another area in need of research is determining the most effective timing and 
delivery system of a nutritional intervention. There are two primary goals for a nutritional 
intervention: 1) decrease or prevent metabolic changes and 2) speed recovery without 
causing other deleterious effects (Cole, 1996). It is logical that earlier administration (24-
48 hours) of a specialized diet has proven to decrease mortality and reduce infectious 
complications in patients admitted into the Intensive Care Unit (Heyland et al., 2003). 
Similarly, patient’s diagnoses with chronic obstructive pulmonary disease (COPD), saw 
improved weight gain and immune response, but an oral liquid administration of 
supplemental nutrition had no affect (Fuenzalida et al., 1990). This area of research is 
largely unexplored in the swine industry and the livestock industry as a whole. 
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Experimentally, we are able to supply a nutritional intervention strategy at or before the 
time of infection, however, this is not practically applicable to the industry.  
In summary, nutrient, energy and amino acid requirements have been established 
and compiled for health pigs by the National Research Council (2012), however, more 
needs to be determined about when and how to best fight a pathogen challenge with 
nutrition to ultimately mitigate losses due to immune activation and catabolism. 
Moreover, we need to determine ideal timing and delivery method of a nutritional 
intervention to improve resolution and/or recovery from a pathogen challenge.  
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APPENDIX 
ABSTRACTS PRESENTED 
 
W.P. Schweer, K. Schwartz, E.R. Burrough, K.J. Yoon, N.K. Gabler. (2015) Impact of 
PRRSV and PEDV co-infection on intestinal integrity in growing pigs. Digestive 
Physiology of Pigs, Kliczków, Poland. May 19-21, Abstract #258  
 
Porcine reproductive and respiratory syndrome (PRRS) and porcine epidemic diarrhea 
(PED) viruses are two costly diseases to the swine industry. Our objective was to determine 
the effects of PRRSV and PEDV on intestinal integrity in nursery-grower pigs. 
Additionally, we evaluated the impact of PRRSV infection on intestinal phenotype or 
severity of PEDV infection. Forty-two gilts (16 kg BW), naive for PRRSV and PEDV, 
were selected and assigned to one of four treatments: Control (n=6), PRRS (n=12), PED 
(n=12) or PRRS+PED (n=12). PRRS and PRRS+PED gilts were inoculated with a live 
PRRSV on day 0 post-inoculation (dpi) and PED and PRRS+PED gilts were 
intragastrically inoculated with PEDV dpi 14. All pigs were euthanized at 21 dpi and 
jejunum samples collected for intestinal integrity and mounted into Ussing chambers to 
determine transepithelial resistance (TER) and active transport of glucose and glutamine. 
PRRSV and PEDV infection was confirmed by PCR. The Control pigs remained PRRSV 
and PEDV negative throughout the study. Compared to Controls, PRRSV infection did not 
alter TER, glutamine transport, but increased active glucose transport by 55% (P < 0.001). 
PEDV reduced TER (40%, P < 0.001) and increased active glutamine transport (69%, P = 
0.009) compared to Controls. Active jejunum glucose and glutamine transport was not 
different in the PRRS+PED pigs. Unexpectedly, PRRS+PED pigs had a 76% increase in 
TER from Controls (P < 0.001). Altogether, PRRSV and PEDV differentially alter 
intestinal integrity. PED pigs appear to enhance intestinal glutamine transport, while PRRS 
pigs may be prioritizing glucose transport. 
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S. Pearce, W. Schweer, K. Schwartz, K. Yoon, S. Lonergan, N. Gabler. (2015) Porcine 
Epidemic Diarrhea virus negatively impacts the jejunum protein profile in pigs. Digestive 
Physiology of Pigs, Kliczków, Poland. May 19-21.  
 
Porcine epidemic diarrhea virus (PEDV) negatively impacts the gastrointestinal tract, 
which results in high mortalities in suckling piglets and reduced growth performance in 
older pigs. Therefore, our objective was to determine the effect of PEDV infection on the 
protein profile of the jejunum. Sixteen gilts (n=8/treatment; 25.0 ± 0.98 kg BW) were orally 
inoculated with PEDV (PED) or saline (CON).  After 7 d of infection, pigs were 
euthanized, whole jejunum collected and protein extracted and solubilized in urea buffer. 
2D-Differential In Gel Electrophoresis (DIGE; eight gels in duplicate), 11 cm strips pH 4-
7, in the first dimension and 12.5% acrylamide gels in the second dimension, was then 
performed. Compared to CON, relative abundance of 111 proteins were significantly 
different (P < 0.05) in PED infected jejunum, while 146 proteins were P < 0.10. PEDV 
infection increased the abundance of molecular chaperone 78-kDa glucose-regulated 
protein 11% (P < 0.01), prolyl 4-hydroxylase beta polypeptide 7% (P = 0.040) and tended 
(P < 0.10) to increase calreticulin and 14-3-3 protein beta/alpha compared to the CON by 
electrospray mass spectrometry (ESI/MS). Structural proteins alpha and beta-actin 
decreased 15% and immune signal transducer TNF-receptor associated factor 6 was 
decreased 23% (P < 0.05) in PED pigs. Finally, apoptosis marker annexin A5, increased 
21% in PED compared to CON (P = 0.036). Altogether, these proteomic data indicate that 
PEDV alters several intestinal proteins involved in cell migration, proliferation, 
differentiation, apoptosis, structure as well as immune response.   
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E. Burrough, W. Schweer, K. Schwartz, K.J. Yoon, N. Gabler. (2015) Impact of dual 
infection with PRRSV and PEDV on intestinal lesion severity and detection of PEDV 
nucleic acid. International Symposium on Emerging and Re-emerging Pig Diseases, 
Kyoto, Japan. June 21-24.  
 
Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV) and porcine epidemic diarrhea virus 
(PEDV) are two significant disease threats to efficient pork production worldwide. PEDV had not 
been identified in North America until May of 2013 (1) and since its introduction PED has resulted 
in the loss of millions of suckling pigs throughout the United States, Canada, and Mexico. It is well-
recognized that infections with either PRRSV or PEDV alone can result in significant disease in 
naïve pigs; however, little is known regarding the impact of dual infection with these viruses in 
grower pigs. Both PRRS and PED are single-stranded, positive-sense, RNA viruses and therefore 
similar innate immune responses may be important early in infection with these agents. Toll-like 
receptor (TLR) 3, 7, and 9 are important in antiviral responses (2) and it has been shown that 
PRRSV infection can alter expression of TLR3 in pulmonary alveolar macrophages (3). Additionally, 
PRRSV can repress type I interferon and proinflammatory cytokine production in porcine dendritic 
cells exposed to the TLR7 agonist TGEV (4). Taken together, these studies suggest systemic 
PRRSV infection may alter innate immune responses to PEDV infection and the potential for such 
an interaction is the basis of the study reported herein.  
 
Materials and methods 
Forty-two Choice Genetics gilts (16.8 ± 0.6 kg BW), naïve for PRRS and PED, were selected and 
assigned to one of four disease challenges scenarios for 21 days: 1) Sham (n=6), 2) PRRS only 
(n=12), 3) PED only (n=12), 4) PRRS+PED (n=12). Treatments 2 and 4 were inoculated with a live 
PRRS virus for 21 days. Treatments 3 and 4 were inoculated with a cloned PED virus for 7 days, 
starting at day 14. All pigs were euthanized at the end of the 21 day study. Jejunum sections where 
isolated, fixed for histological assessments, scored for atrophic enteritis and evaluated for PEDV 
RNA by in situ hybridization (ISH) using an oligonucleotide probe targeting the N gene of PEDV. 
 
Results  
Compared to the Sham, PRRS, PED and PRRS+PED significantly reduced daily gain, feed intake 
and gain:feed (P<0.05). Results of jejunum morphology, lesions and ISH are summarized in Table 
1. Irrespective of PRRSV, PEDV reduced villous height and crypt depth and increase histological 
activity scores. PEDV nucleic acid was only detected by ISH in pigs experimentally infected with 
PEDV and was more frequently detected in those pigs co-infected with PRRSV.       
Table 1. Jejunum lesion scores, morphology and PEDV detection 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Inoculum 
Means (µm)*   
Villous 
length  
Crypt 
depth 
PEDV+ 
ISH† 
Hist.  
Score*‡ 
Sham 
PRRS 
PED 
PRRS+PED 
422 
408 
235 
264 
279 
274 
301 
317 
0/6 
0/12 
4/12 
7/12 
0.00 
0.00 
0.83 
1.75 
* Results represent n=6 pigs/inoculum 
† In situ hybridization targeting the N gene 
of PEDV  
‡ Histological activity score representing 
lesion severity, immune cell infiltrates, 
villous atrophy and fusion 
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Discussion 
Results of this study reveal significant enhancement of the disease phenotype (reduced villous 
height, altered crypt depth, reduced daily gain) typically associated with PEDV infection in pigs 
when previously infected with PRRSV. Compared with the singly infected groups, dual infection 
with PRRSV and PEDV resulted in a significant reduction in daily gain that was greater than the 
sum of the reductions associated with single infections. These results suggest an enhanced 
disease phenotype in the presence of both viruses. Alterations in innate immune responses have 
been previously described following PRRSV infection (3, 4) which may allow PEDV to evade typical 
early antiviral responses during infection and lead to enhanced villous injury. Consistent with this 
hypothesis, PEDV nucleic acid was detectable in situ in nearly twice as many pigs at necropsy in 
the dual infection group versus the pigs infected with PEDV alone. These data suggest further 
investigation into the innate antiviral responses during early PEDV infection and the effects of 
concurrent PRRSV infection on these responses is warranted.  
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Pearson Correlation Coefficient 
                                                                                                 PEDVISH PEDVIHC Jej Hist 
Score 
PEDVISH   1.00000        0.93658                                              
<0.0001         
0.48885 
0.0010 
PEDVIHC 0.93658                                       
<0.0001                       
1.00000 0.57414 
<0.0001 
Jej Hist 
Score 
0.48885                                   
0.0010         
0.57414
<0.0001     
1.00000 
 
 
 
  
Performance of grower gilts infected with PRRSv and PEDv.  
Parameter Control PRRSv PEDv PRRSv + PEDv SEM P-value 
Performance1       
  ADG, kg/d 0.63 0.51 0.44 0.34 0.02 <0.05 
  ADFI, kg/d 1.04 0.92 0.78 0.73 0.02 <0.05 
  Gain:Feed 0.61 0.56 0.56 0.47 0.01 <0.05 
Jejunum morphology       
  Villus height, µm 422 408 235 264 7.8 <0.0001 
  Crypt depth, µm 279 274 301 317 6.5 <0.0001 
  Villus:Crypt ratio 1.54 1.49 0.79 0.85 0.08 <0.0001 
  Histological disease activity score 0.00 0.00 0.83 1.75 0.162 <0.0001 
  PEDv IHC 0.00 0.00 0.83 1.17 0.254 0.007 
  PEDV ISH 0.00 0.00 0.58 0.92 0.229 0.027 
PRRS log+1 QPCR dpi 14 Neg. 5.2 Neg. 4.9 0.31 0.64 
PRRS log+1 QPCR dpi 21 Neg. 3.9 Neg. 3.4 0.36 0.36 
PRRSx3 EIA dpi 14 Neg. 1.2 Neg. 1.4 0.14 0.10 
PRRSx3 EIA dpi 21 Neg. 1.1 Neg. 1.5 0.16 0.003 
1n=6 per treatment. 
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S.M. Curry, W.P. Schweer, N.K. Gabler, K.J. Yoon, K.J. Schwartz, E.R. Burrough. (2015) 
Concurrent infection with porcine reproductive and respiratory syndrome virus increases 
porcine epidemic diarrhea virus persistence in the jejunum. Digestive Physiology of Pigs, 
Kliczków, Poland. May 19-21, Abstract #249 
 
Porcine reproductive and respiratory syndrome virus (PRRSV) and porcine epidemic 
diarrhea virus (PEDV) are two pathogens endemic in US swine. Information on how these 
viruses interact and alter intestinal function is lacking. Our objectives were to characterize 
the effect of PRRSV and PEDV on jejunum morphology, lesion severity and PEDV 
presence.  Forty-two gilts (16.8 ± 0.6 kg BW), PRRSV and PEDV naive, were randomly 
assigned to four disease treatments: 1) Control (n=6), 2) PRRSV (n=12), 3) PEDV (n=12), 
4) PRRSV+PEDV (PRP; n=12). Treatments 2 and 4 were inoculated with live PRRSV on 
D0. Treatments 3 and 4 were inoculated with cloned PEDV on D14. On D21, all pigs were 
euthanized and jejunum samples were collected for histopathology, PEDV RNA detection 
by in situ hybridization (ISH), and for PEDV antigen and mucin2 detection by 
immunohistochemistry (IHC). Collectively, PRRSV had minimal impact (P > 0.05) on 
jejunum morphology or mucin2 expression compared to Controls. However, PEDV and 
PRP respectively, decreased (P < 0.001) villi height by 41% and 40%, and villi:crypt ratio 
by 49% and 45% compared to Controls; whereas, there was no difference between Control 
and PRRSV. PRP had greater ISH and IHC score compared to PEDV, suggesting PEDV 
protein and RNA had greater presence in the enterocytes of co-infected gilts. In conclusion, 
PRP gilts had more severe jejunum lesions and increased presence of PEDV in the 
enterocytes at 7 days post-PEDV inoculation compared to PEDV alone. These data may 
partially explain the reduced pig growth performances during these virus challenges.  
 
Table 1. Physiological parameters and growth performance of pigs challenged with 
porcine reproductive and respiratory syndrome (PRRS), porcine epidemic diarrhea virus 
(PEDV), or a combination of PRRS and PEDV (PRP).  
Item Control PRRS PEDV PRP SEM P-value 
Villi Height 337a 313a 196b 201b 13.12 <0.001 
Crypt Depth 281 273 301 314 17.29 0.323 
Villi:Crypt 1.54a 1.49a 0.79b 0.85b 0.38 <0.001 
Lesion Score1 0.00b 0.02b 1.14a 1.71a 0.23 <0.001 
ISH2, PEDV 0.00 0.00 0.57 1.17 1.07 0.817 
IHC3, PEDV 0.00 0.00 0.86 1.17 1.06 0.806 
IHC, MUC2  8673.60 10683.90 11886.60 9285.80 1015.1  
1Lesion score: 0 = no morphological change, 2 = moderate villi atrophy, 4 = severe villus 
atrophy and fusion, moderate inflammatory infiltrates. 
2ISH = in situ hybridization. 
3IHC = immunohistochemistry of PEDV protein.  
  
  
  
 
1
5
2
 
Table 2. Correlation coefficients (r) between and among physiological parameters and growth performance in pigs challenged with 
porcine reproductive and respiratory syndrome (PRRS), porcine epidemic diarrhea virus (PEDV), or a combination of PRRS and 
PEDV (PRP).  
Item Villi Height Crypt Depth Villi:Crypt Lesion Score1 ISH2 IHC3 
Villi Height, µm  -0.44* 0.95*** -0.67*** -0.38 -0.41 
Crypt Depth, µm   -0.56** 0.17 -0.07 -0.06 
Villi:Crypt    -0.67*** -0.36 -0.39 
Lesion Score     0.51** 0.54* 
ISH      0.96*** 
*P < 0.05, **P < 0.01, ***P < 0.001. 
1Lesion score: 0 = no morphological change, 2 = moderate villi atrophy, 4 = severe villus atrophy and fusion, moderate 
inflammatory infiltrates  
2ISH = in situ hybridization of PEDV RNA. 
3IHC = immunohistochemistry of PEDV protein. 
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Porcine reproductive and respiratory syndrome (PRRS) and porcine epidemic diarrhea 
(PED) are two costly diseases to the swine industry. Therefore, our objective was to 
determine the impact PRRSV and PEDV, alone or combination, had on apparent total tract 
digestibility (ATTD) and apparent ileal digestibility (AID) coefficients in early grower 
pigs. Forty-two Choice Genetics gilts (16.8 ± 0.6 kg BW), naïve for PRRS and PED, were 
selected and randomly assigned to one of four treatments: 1) Control (n=6), 2) PRRS only 
(n=12), 3) PED only (n=12), 4) PRRS+PED (n=12). Treatments 2 and 4 were inoculated 
with live PRRSV on day zero (D0) and euthanized on D21. Treatments 3 and 4 were 
inoculated with PEDV on D14, 7 days prior to euthanasia on D21. PRRSV infection was 
determined by serum QPCR and seroconversion. PEDV infection was confirmed by fecal 
PCR. Feces were collected on days 18-20 and ileal digesta was collected at euthanasia 
(D21). Feed, feces, and digesta were analyzed for DM, OM, and N. Feed and feces were 
analyzed for energy, and digesta and feed were analyzed for amino acids. Feed intake was 
used as a covariate for statistical analysis of ATTD and AID. By design, Control pigs 
remained PRRS and PED negative throughout the study. Compared to control pigs, 
PRRSV infection did not reduce ATTD or AID of nutrients and energy (P > 0.05). 
However, PED infection, alone or in combination with PRRS, decreased ATTD of DM 
and energy by 8% and 12%, respectively (P < 0.05). Although PED alone decreased N and 
OM ATTD (7% and 2.5%, respectively), they were not significantly different (P = 0.24 
and P = 0.35, respectively). Compared to controls, the PRRS+PED group had N and OM 
ATTD reduced by 13% and 3% respectively (P < 0.05). PED alone or in combination 
reduced AID DM (14-18%) and OM (6-8%), but not significantly (P > 0.05). AID of Met, 
Leu, Phe, Arg, and Trp did not differ between virus challenges. However, lysine AID 
tended to be reduced in PED and PRRS+PED treatments compared to the control (10-12%, 
P = 0.095). Altogether, the controls and PRRS treatment have similar digestibility 
coefficients, while the two PEDV challenges reduce ATTD of nutrients and energy. 
Surprisingly, AID of amino acids was not affected by PEDV or PRRSV challenges in this 
model.  
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performance and energy and nutrient requirements using the NRC 2012 modelling 
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#324. 
 
Models can be used to estimate energy and nutrient requirements, evaluate feeding 
programs, and to compare pig performance modelling estimates to those actually observed. 
The objective of this study was to use the NRC 2012 modelling module to predict 
performance and energy and nutrient requirements of health-challenged growing pigs. 
Growth and feed intake data from a previously conducted study consisting of healthy pigs 
(Control), porcine reproductive and respiratory syndrome (PRRS) virus, porcine epidemic 
diarrhea virus (PEDv), or a combination of PRRS and PEDv (PRP) challenged gilts were 
used as inputs. From this data a 14 d period was analyzed using observed BW gain (BWG) 
and ADFI. Within the modelling module, the selected nutrient systems were ME, 
standardized ileal digestibility (SID) of AA, and standardized total tract digestibility 
(STTD) of P, and the selected model for estimating nutrient requirements was for growing-
finishing pigs. Treatment inputs for the 14 d test period for BWG and ADFI, respectively: 
Control 8.8 and 1.04 kg, PRRS 5.8 and 0.78 kg, PEDv 8.0 and 0.92 kg, and PRP 3.8 and 
0.73 kg. The diet ME content was set at 3,388 kcal/kg and sex was specified as gilt so that 
the only adjustments made within the NRC 2012 modelling module were BWG and ADFI. 
Results for this 14 d challenge period predicted modelled Control gilt BWG (8.6 kg)to be 
similar to that we observed for these gilts. Compared to the observed BWG, the model 
overestimated BWG for PEDv (8.6 kg), PRRS (8.4 kg) and PRP (8.2 kg) health-challenged 
gilts.  The model also overestimated ADFI for all treatments by 8 – 36% and this was also 
reflected in ME intake.  Utilizing observed BWG and ADFI, the model indicated no 
treatment differences in SID of AA (g/d) including: Lys, Met, Thr, and Trp. There were no 
differences in predicted whole body protein deposition rates between the control (105 g/d), 
PRRS (104 g/d), PEDv (101 g/d), and PRP (99 g/d) health-challenged gilts. This module 
should be limited to healthy pigs as it does not consider the catabolic state of health-
challenged pigs as represented by the observed reduction in BWG and ADFI. In 
conclusion, the NRC 2012 modelling module is accurate in predicting BWG and ADFI of 
healthy gilts; however, it did not reflect the observed BWG and ADFI of health-challenged 
gilts.  
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Gabler. (2015) Water administration of glucose and amino acids attenuates changes in 
intestinal structure and lesion scores in PRRSv and PEDv co-infected pigs. ASAS-ADSA 
Midwest Sectional Meeting, Des Moines, IA. March 16-18, Abstract #406. 
 
Porcine epidemic diarrhea virus (PEDv) infection causes enterocyte loss and villus atrophy, 
which results in reduced performance and, if severe enough, mortality. Therefore, our 
objective was to examine whether water delivery of nutrients (glucose and amino acids) 
could alleviate changes in intestinal structure and function in growing pigs co-infected with 
Porcine Reproductive and Respiratory Syndrome virus (PRRSv) and PEDv. Thirty gilts 
(16.6 ± 1.8 kg BW) were allocated to one of three treatments for 21 d. Treatments included: 
1) Control, healthy, PRRSv, and PEDv naïve gilts (N = 6), 2) PRRSv+PEDv co-infection 
(N = 12; PRP) and 3) PRRSv+PEDv co-infection + water delivery of nutrients (N = 12; 
PRPD). Treatments 2 and 3 were inoculated with a live PRRSv at d 0, then with PEDv at 
14 dpi. Water supplementation which consisted of glucose syrup, monosodium glutamate, 
betaine, glycine and alanine was delivered at 15-30 g/d solids for 21 d. At d21 all pigs were 
euthanized, jejunum samples were collected and histological samples were assessed for 
lesions, including villus atrophy, crypt depth, inflammation, and brush border digestive 
enzyme activities. Control pigs remained negative for PEDv and PRRSv by qPCR and as 
expected, the challenged pigs were positive for both PEDv and PRRSv. PRP and PRPD 
treatments reduced villus height versus the control (264, 289 and 422 µm, P < 0.001, 
respectively). Crypt depth tended to be altered due to treatment (280, 317 and 255 µm; 
control, PRP and PRPD respectively, P = 0.056). Irrespective of challenge, villi:crypt ratio 
was reduced compared to the control (P < 0.05). However, PRPD gilts tended to have a 
higher villi:crypt ratio compared to the RP treatment (P = 0.10). Histologic lesions were 
scored ona scale of increasing severity from 1-5. Compared to the control (0), the jejunum 
lesion scores were increased (P < 0.01) with PRP treatment (4.42). However, compared to 
the PRP, PRPD numerically attenuated this score (3.58, P > 0.05). Brush border digestive 
enzyme activities for sucrase and aminopeptidase were not altered by treatment. However, 
both the PRP and PRPD treatments reduced maltase and lactase activities by 50% 
compared to the control (P < 0.05). Overall, nutrient supplementation by supplemented 
water during a PRRSv and PEDv co-infection reduced jejunum lesion scores, but did not 
influence digestive enzymes. 
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Porcine Reproductive and Respiratory Syndrome (PRRS) and Porcine Epidemic Diarrhea (PED) 
viruses are arguably two of the most costly diseases to the U.S. swine industry. PRRS alone is 
estimated $644 million per year (Holtkamp et al., 2013). However, the impact of these two viruses 
and their interaction on grower pig growth performance and feed efficiency are poorly 
characterized. Therefore, the overall objective of this study was to develop a working PRRSv and 
PEDv co-infection model to study the impact of these viruses individually or together on 21 day 
growth performance and feed efficiency in grower pigs. The model was also set up to test the impact 
of PEDv in pigs already exposed to PRRSv. 
 
Forty-two Choice Genetic maternal line gilts (16 ± 0.98 kg BW) naïve for PRRSv and PEDv were 
selected and randomly allocated into one of four treatments for a 21 day test period. These 
treatments included: 1) Control (n=6); 2) PRRS-inoculated on day 0 (n=12); 3) PED-inoculated on 
day 15 (n=12); and 4) PRRS + PED co-infection with PRRSv inoculated on day 0 and PEDv 
inoculated on day 15 (n=12). Approximately 1,000 genomic units of a live field strain of PRRSv 
were inoculated into pigs in treatments 1, 2 and 4 by intramuscular and intranasal routes. 
Approximately 103 PFU/ml of plaque-cloned P6 (USA/Iowa/18984/2013) PEDv was orally 
inoculated into pigs in treatments 3 and 4 on day 15 of the study. Infection with PRRSv was 
confirmed by both quantitative PCR and seroconversion. Infection with PEDv was confirmed with 
PCR. The study was conducted at the ISU Livestock Infectious Disease Isolation Facility. Pen was 
the experimental unit, with two pigs per pen. All pigs were fed a standard corn-soybean diet ad 
libitum with free access to water.  
Weekly BW, feed intake and blood samples were collected and feed efficiency calculated.  
 
The impact of PRRSv and PEDv infection on 21 day grower pig performance is shown in Table 1. 
During the test period PRRS reduced ADG and ADFI by 30% and 26% respectively (P < 0.05) and 
feed efficiency by 8% (P > 0.05) compared to Control pigs. As expected, pigs infected with PRRSv 
+ PEDv were negatively affected, decreasing ADG by 45% compared to negative control pigs (P 
< 0.05, Table 1). Likewise, the co-infection significantly reduced (P < 0.05) ADFI and G:F 
compared to Control pigs (30% and 23%, respectively). Additional reductions in ADG and G:F 
were detected in PRRS + PED pigs compared to singular PED or PRRS treatments (33% and 16%, 
respectively), suggesting that there may be additive effects.   
 
When only comparing the initial impact of PEDv on performance (14-21 dpi, first week of PEDv 
infection) between the Control, PEDv, and PRRSv + PEDv infected pigs, ADG (0.66 vs. 0.35 vs. 
0.20 kg/d, P = 0.0005), ADFI (1.22 vs. 0.88 vs. 0.67 kg/d, P = 0.006), and G:F (0.54 vs. 0.39 vs. 
0.31, P = 0.09) were all reduced, respectively. 
 
In summary, PRRSv and PEDv infection attenuates growth performance and feed efficiency in 
grower pigs. Co-infection resulted in a more severe phenotype and was additive compared to 
individual virus challenges. Many pigs in the Midwest are infected with PRRSv and suffer some 
growth compromise. PRRSv infected pigs subsequently co-infected with PEDv may have greater 
production losses than expected.  
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Holtkamp, D. J. et al. 2013. Journal of Swine Health and Production 21: 72-84.
Table 1: Grower pig 0-21 dpi growth performance and feed efficiency  
Parameter Control PRRSv PEDv 
PRRSv + 
PEDv 
SEM P-value 
ADG, kg/d 0.63a 0.44b 0.51b 0.34c 0.036   <0.0001 
ADFI, kg/d 1.06a  0.78bc  0.92ab 0.72c 0.059     0.0009 
Gain:Feed 0.61a 0.56a 0.56a 0.47b 0.030    0.009 
PRRS viremia1 Neg. 3.9 Neg. 3.4  0.31  0.12 
PRRS X3 antibody titer Neg. 1.1 Neg. 1.5  0.16  0.02 
1 PRRS qPCR viremia, log genomic unit/mL 
a,b,c Different letters within row equals significant difference at P<0.05 
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Introduction 
In pork production, the largest use of natural resources is through the production and 
consumption of feed. Health challenged pigs can be a burden on production and pork 
quality. Therefore, improving feed efficiency and health of swine is an important goal for 
sustainable and profitable pork production.  The pig is under constant pathogenic challenge 
which can have adverse effects on intestinal and respiratory health and function, as well as 
on anabolic processes in peripheral tissues such as skeletal muscle (Williams et al., 1997a, 
b; Escobar et al., 2004).  Of the health challenges the swine industry face, Porcine 
Reproductive and Respiratory Syndrome (PRRS) and now Porcine Epidemic Diarrhea 
(PED) viruses are arguably the two most economically costly viruses to U.S. and world 
pork production. Alone, PRRS virus infections are estimated to cost the U.S. swine industry 
more than USD $664 million annually (Holtkamp et al., 2013). In addition to mortality 
losses and costs of interventions, these viruses may reduce lean tissue accretion and feed 
efficiency in growing pigs from weaning to market. These reductions may be caused by 
the innate and adaptive responses to intense, prolonged or poorly contained immunological 
or stress stimuli.  However, single infection alone often fails to induce overt disease, yet 
they are still recognized individually as important etiological agents in multi-factorial 
disease of swine and can negatively impact pig performance. Although we clearly know 
that PRRS virus impacts sow reproduction and attenuates ADG of production pigs, its 
direct impact on feed efficiency, nutrient and energy digestibility, metabolism and whole 
body lean and fat accretion in grow finisher pigs has been poorly characterized.  
 
Immune Response to PRRS virus 
The PRRS virus is a small, enveloped virus with a single positive-stranded RNA genome, 
and is a member of the Arterivirdae family in the order Nidovirales (Albina, 1997). Upon 
infection and entry into the pig, the virus preferentially replicates in alveolar macrophages, 
produces a viremia for at least 3-4 weeks, and can persistently infect the lungs, lymphoid 
tissue and tonsils for up to five months (Albina et al., 1998; Lamontagne et al., 2003). 
Classically, pigs infected with PRRS virus exhibit a peak serum viremia within 4 to 8 days 
post inoculation (dpi) and all have serum converted by 14 to 28 dpi (Greiner et al., 2000; 
Van Gucht et al., 2004; Boddicker et al., 2012; Gabler et al., 2013). Pigs exposed to PRRS 
virus have prolonged viremia, often accompanied by persistent infection and virus 
shedding, and are prone re-infection and secondary infections. 
 
A small subset of toll like receptors (TLR) in the innate immune response are involved in 
the antiviral response (e.g. TLR 3, 7/8, and 9) and have been shown to produce antiviral 
cytokines such as type I interferon (IFN). With that, immune dendritic cells (DC) have a 
unique expression of TLR 7 and 9 which interact with ssRNA or ssDNA and allow rapid 
type I IFN release after infection (Calzada-Nova et al., 2010). Unlike other arteri-viruses, 
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PRRS virus infection suppresses IFN-α expression by TLR3 thus down regulating IFN-α 
expression which allows the virus to rapidly replicate (Miller et al., 2009).  With that, DCs 
do not produce IFN-α or TNF-α under PRRS virus infection and these cytokines are 
important for DC maturation (Calzada-Nova et al., 2010).  The blunted and antagonised 
immune response elicited by PRRS virus may be due to a lack of activation of the 
transcription factor NF-κB, which is normally activated by TLR regulation through several 
adaptor molecules or by selectively antagonising activated functions of immune cells 
(Murtaugh et al., 2002).  Although viruses such as PRRS are poor inducers of 
proinflammatory cytokines, clear evidence from in vivo and in vitro porcine infection 
models have shown that pigs infected with PPRS virus are more sensitized to secondary 
bacterial and viral challenges and increased proinflammatory cytokine production 
(Labarque et al., 2002; Van Gucht et al., 2004; Van Gucht et al., 2005). Thus, secondary 
viral or bacterial challenges leading to dual infection seem to have the greatest effect in 
early to late nursery phases of growth, and in three site production systems (Dorr et al., 
2007). It is often this round of infection that is characterized by a negative nitrogen balance 
and a decrease in muscle protein content due to increased protein catabolism. 
 
Impact of PRRS on performance and tissue accretion 
Although we know that pigs reared in high inflammatory, poor health and dirty conditions 
can exhibit decreases in protein deposition and growth performance (Williams et al., 
1997b), surprisingly there is still little data available that quantifies the true impact PRRS 
virus has on feed efficiency and tissue accretion in nursery-finisher pigs. Interestingly, 
Escobar et al. (2004) has been the only study to examine the impact of PRRS virus infection 
on tissue accretion rates. In agreement with Escobar et al., (2004), we also reported a 
significant reduction in ADG, ADFI and feed efficiency in PRRS virus infected pigs 
(Gabler et al., 2013). These reductions are particularly evident within the first four weeks 
of infection. However, these negative insults on grower-finisher pig production parameters 
can have a significant effect on lifetime performance (Gabler et al., 2013). This work 
disagrees with a recent study by Dritz (2012) which reported no difference in nursery or 
finisher feed efficiency in a large commercial U.S. swine operation in the Midwest.  
 
The classical Williams et al., (1997a, b, c) papers examining poor health immune 
stimulated pig performance and  Escobar et al., (2004) nursery pig-PRRS virus work have 
been the only major research showing protein accretion is profoundly impacted by immune 
stimulation. This is particularly evident in the first week of PRRS virus infection where 
whole protein accretion is impeded by up to 60% from naïve control pigs and by 33% in 
week 2 (Escobar et al., 2004).  Our longitudinal assessment using dual X-ray 
absorptiometry on the same pig (not using the traditional serial slaughter technique), 
indicated that protein accretion was impeded by 24% in the first 42 dpi and by 5% in the 
following 35 days. Overall, this resulted in a 10% reduction in protein accretion over an 80 
dpi period (Table 1; (Gabler et al., 2013)). Similarly, using non-pathogenic 
lipopolysaccharide (LPS) challenge models have also been shown to acutely decrease 
muscle protein synthesis in vivo and in vitro through impaired phosphorylation of both 
eIF4E-binding protein 1 (4E-BP1) and ribosomal protein S6 kinase 1 (S6K1) in the 
mammalian target of rapamycin (mTOR) pathway, which is a key determinant of 
translation initiation and protein synthesis in pigs (Kimball et al., 2002; Kimball et al., 
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2003; Orellana et al., 2007a; Orellana et al., 2007b).  This inhibition of the translation 
initiation process seems to be a direct effect of the inflammatory response, but the 
subsequent increase in proinflammatory cytokines may augment the depression in protein 
synthesis events and rates (Lang et al., 2002; Lang et al., 2003; Lang and Frost, 2007; Lang 
et al., 2007). We have also observed whole body lipid accretion rates (Table 1) to be 
reduced due to PRRS virus infection by up to 20% compared to healthy PRRS naïve 
littermates (Gabler et al., 2013). Altogether, these data translated into leaner pigs at market 
weight and reduced yields (Table 1).  Reduced carcass yields are likely the result of higher 
offal and internal organ weights associated with immune stimulated pigs (Williams et al., 
1997c; Rakhshandeh and de Lange, 2012).  
 
Based on a recent meta-analysis of pig microarray studies, innate and adaptive responses 
to intense, prolonged and poorly-contained immunological stimuli are most likely 
responsible for reductions in performance (Badaoui et al., 2013).  This meta-analysis 
revealed mitochondrial dysfunction and oxidative phosphorylation pathways to be 
activated by PRRS virus infection.  Infections by pathogens have been shown to alter cell 
homeostasis and cause an elevation in cellular reactive oxygen species (ROS) via 
mitochondrial dysfunction (Chakraborty et al., 2012a; Chakraborty et al., 2012b). 
However, the role of PRRS virus infection in augmenting mitochondrial dysfunction and 
ROS production is not known, but may be related to decreases in feed efficiencies in health 
challenged animals. We (Grubbs et al., 2013a; Grubbs et al., 2013b) and others (Bottje et 
al., 2002; Iqbal et al., 2004; Ojano-Dirain et al., 2007) have previously reported 
mitochondrial inefficiency may occur as a result of electron leakage and contribute to the 
phenotypic expression of low feed efficiency.  Therefore, poor nutrient and energy 
utilization by livestock under disease challenge may be accounted for by changes in 
mechanisms responsible for regulation of mitochondria function. Elevated mitochondrial 
ROS from electron leakage can cause the diversion of dietary energy from growth and 
development processes towards cellular repair and/or autophagy mechanisms.  
 
Another key component that has been poorly defined in meat animal production is the 
direct link between mitochondrial function, proteolysis and protein turnover. It is estimated 
that protein turnover and tissue metabolism accounts for 37% of the variation in residual 
feed intake in beef cattle (Richardson and Herd, 2004). Protein turnover based on the 
independent roles and regulation of protein degradation and synthesis is known to be 
energetically expensive and may account for ~20% of the increase in ATP expenditure in 
sheep (Gill et al., 1989). ROS production increases protein carbonyl formation, which has 
been reported by Bottje (2006) to increase in low FE broiler tissues. Importantly, these 
proteins may be more susceptible to degradation. Due to the proximity of the ETC to sites 
of mitochondrial ROS production, and that many ETC proteins have reactive protein thiols, 
ETC proteins are particularly vulnerable to oxidation. Ojano-Dirain et al., (2005) did report 
positive correlations between reduced glutathione (GSH, an important mitochondrial 
antioxidant) and activities of Complex II, IV and V, indicating antioxidant protection is 
important in optimal activity of the ETC.  Acute mitochondrial insults from stress, viruses 
and inflammation can impair mitochondrial function leading to cellular energetic 
depression, ROS production and intracellular Ca2+ overload (Seppet et al., 2009). 
Moreover, the link between mitochondrial function, oxidative stress and protein 
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degradation is closely linked with intracellular Ca2+ homeostasis and the activity of calpain, 
a family of calcium (Ca2+)-dependent cysteine proteases (Lu et al., 2013). Sepsis, viremia 
and inflammation are all associated with a pronounced catabolic response in skeletal 
muscle. Conversely, sepsis has been shown to release myofilaments from myofibrillar 
proteins in a calcium-dependent manner (Williams et al., 1999).   
 
Protein degradation pathways such as the µ- and m-calpain and calpastatin system and the 
ubiquitin-proteasome pathway, may play a role in FE and are known to contribute to 
protein turnover through protein degradation in muscle (Smith and Dodd, 2007).  In the 
ubiquitin-proteasome pathway, proteins selected for degradation are poly-ubiquitinated 
tagged in an ATP dependent manner and then presented to the proteasome where 
proteolysis occurs.  Differences in protein ubiquination in broilers divergent in FE has been 
reported (Bottje and Carstens, 2009). We have recently reported substantial evidence that 
these protein degradation systems (µ- and m-calpain, and 20S proteasome activities) within 
muscle are increased in less FE pigs (Cruzen et al., 2013).  The proteasome is a multi-
catalytic complex in the nucleus and cytosol of all eukaryotic cells that is responsible for 
proteolysis of ubiquitin-tagged proteins. This system primarily breaks down structural 
proteins which are further degraded to small peptide fragments and free amino acids by the 
ubiquitin-proteasome system. The 20S subunit is the catalytic core of the 26S proteasome 
with two 19S regulatory caps. The 20S core is where proteins are degraded and the 19S 
regulatory caps have multiple ATPase active sites and ubiquitin binding sites to recognize 
polyubiquinated proteins to be transferred to the catalytic core (Voges et al., 1999).  
 
Alternatively, calpastatin inhibits the calpain system from degrading proteins of larger 
myofibrillar proteins. Desmin, an intermediate filament that links adjacent myofibrils, can 
also undergo rapid proteolysis. Since postmortem protein degradation is what creates 
tender meat, an increase in calpastatin activity and intact desmin would indicate a decrease 
in meat tenderness.  We have also reported that pigs selected for improved feed efficiency 
have higher calpastatin activity in the loin muscle and intact desmin has been shown to 
have a negative correlation with RFI (Smith et al., 2011). Interestingly, Escobar et al., 
(2004) has showed that nursery pigs infected with PRRS virus had reduced protein 
accretion over a 28 day period and increases in mRNA abundance of myostatin. Myostatin 
is a negative regulator of muscle mass in mammalian species and is capable of inducing 
muscle atrophy under stress, sepsis and inflammatory conditions via the inhibition of 
myoblast proliferation and increasing ubiquitin-proteasomal activity (Elliott et al., 2012).  
Additionally, preliminary data from Dr. Steven Lonergan, in conjunction with our 
laboratory, is showing PRRS virus infection to increase skeletal muscle calpain activity 
and inhibit calpastatin activities compared to PRRS naïve muscle samples.  Collectively, it 
is assumed that the associated growth depression and diversion of nutrients away from 
tissue accretion ensures adequate energy and nutrients are available for high priority 
immunological and homeostatic pathways. However, overall protein degradation and 
turnover has also been poorly characterized in poor health livestock. 
 
Impact of health challenges on digestibility 
Poor health pigs also often exhibit reduced appetite and feed intake and altered nutrient 
utilization in a tissue-specific manner (Johnson, 2002). However, this impact on nutrient 
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digestibility in the face of PRRS virus is poorly characterized. Interestingly, the impact of 
immune stimulation of nutrient and energy digestibility has also been poorly described, 
particularly using industry applicable pathogens. Lipopolysaccharide (LPS) has been 
extensively used to study the inflammatory response in swine. More recently, repeated 
challenges with LPS have been used to mimic pathogenic challenges like PRRS virus 
(Rakhshandeh and de Lange, 2012; Rakhshandeh et al., 2012a). These studies have shown 
that inflammation reduces apparent total tract digestibility (ATTD) of organic matter, 
energy and nitrogen. Similarly, at 21 dpi with clearly reported ATTD of nitrogen, dry 
matter and energy and to be reduced due to PRRS virus infection (Table 1).  Significantly, 
this attenuation of total tract digestibility may be long-lasting and can still be seen at 70 
dpi (Unpublished data). We can only speculate this to be a result of intestinal microbial 
population alterations as a result of PRRS virus infection. 
 
The observed decrease in ATTD of nitrogen seen in LPS and PRRS challenge models could 
potentially be described by an increase in endogenous secretions of mucus into the lumen. 
Although tight junction proteins are important barrier defenses, we don’t see changes in 
intestinal transepithelial resistance (integrity marker) in pigs under sustained LPS induced 
inflammation (Rakhshandeh et al., 2012b). The mucus layer coating the length of the 
intestinal tract provides the first line of defense against intestinal injury, allows for nutrient 
transport while at the same time preventing microbial attachment and colonization (Kim 
and Ho, 2010).  Intestinal goblet cells are responsible for secretion of several homeostatic 
mucins (MUC) including MUC1, MUC2, MUC 3, MUC4, MUC 12, MUC 13, and MUC17 
(Johansson et al., 2013). MUC5AC secretion has been reported to be augmented in 
response to inflammatory conditions (Wilberts et al., 2014).  Mucins are large glycosylated 
glycoproteins enriched with threonine (~30%) with several O-linked oligosaccharide side 
chains, which create a gel-like structure (Kim and Ho, 2010).  Several factors including 
microbes, microbial products, cytokines, toxins, and more regulate expression of mucin 
genes. The mucus layer also contains several other products including trefoil factors (TFF), 
antimicrobial peptides (β-defensins, lysozymes) and secretory IgA.  Resistin-like molecule 
β is also secreted by goblet cells and induces goblet cell hyperplasia as well as functioning 
as an immune effector molecule in response to a nematode infection (Johansson et al., 
2009). Thus, these secretory compounds may have a profound impact on intestinal integrity 
and amino acid metabolism during a disease or inflammatory challenge. 
 
Health challenges and metabolism 
Both the innate and adaptive immune responses are integrated with cellular bioenergetics, 
metabolism, and inflammation at a whole animal, tissue and cellular level. However, we 
still have minimal knowledge on how PRRS virus infection may regulation a pig’s 
metabolism. By understanding the metabolic ramifications of these viral infections, better 
mitigation strategies can be employed to reduce the severity of health challenges to pig and 
business performance. Homeorhetic switches in bioenergy intimately links metabolism 
with immune function and inflammation to restore homeostasis and protect cells.  Profound 
metabolic reprogramming occurs in which there is a heightened reliance on glycolysis and 
a down regulation of oxidative phosphorylation (O'Neill, 2011; Tannahill et al., 2013). 
Specifically, Tannahill et al., (2013) reported that the activation of Toll-like receptors in 
the innate immune response leads to a switch from oxidative phosphorylation to glycolysis. 
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These authors have stated that glycolysis and glucose metabolism are preferred so the cell 
can generate more ATP per unit time for immune and homeostatic needs, even though it is 
not as efficient in terms of ATP generation as the process of oxidative phosphorylation in 
mitochondria.  
 
The way cells and tissue perceive and respond to an immune challenge can result in 
metabolic polarities (Liu et al., 2012). The initiating proinflammatory phase in response to 
infection and inflammation is anabolic and requires glucose as the primary fuel, whereas 
the opposing adaptation phase is catabolic and requires fatty acid oxidation (McCall et al., 
2011). Early glycolytic reprogramming provides a surge of ATP under normoxia 
conditions, thereby simulating the Warburg effect of glycolysis and reduced mitochondrial 
glucose oxidation as typically seen in many cancer cells (Lu et al., 2014).  Glycolysis also 
activates the pentose shunt to kill bacteria by NADPH oxidase and increased ROS 
production. The regulatory components of augmented glucose fueling include increased 
expression glucose transporters and glycolysis regulatory genes, and disrupted 
mitochondrial glucose oxidation by pyruvate dehydrogenase kinase (PDHK), which 
deactivates mitochondrial pyruvate dehydrogenase. This in turn limits mitochondrial 
glucose oxidation, increasing intracellular and extracellular pyruvate and lactate. The 
glycolysis surge and reduced glucose mitochondrial oxidation is hypoxia (HIF-1α) 
dependent, which is transactivated by inactivating prolyl hydroxylase activity by 
inflammatory NF-κB and other signaling events (O'Neill and Hardie, 2013; Lu et al., 2014). 
Critically, increased glucose flux is required for immunocompetent effector responses. The 
increase in aerobic glycolysis allows the TCA cycle to provide precursors for biosynthesis, 
rather than ATP production. Additionally, the buildup of TCA cycle intermediates such as 
citrate and succinate may act as inflammatory signals (O'Neill, 2011; Tannahill et al., 
2013).  
 
Infection also causes a state of pseudo-starvation due to suppressed feed intake and increase 
energetic demands. This is evented during the adaptation phase to infection and 
inflammation which is more catabolic and requires fatty acid oxidation (Liu et al., 2012).  
Activation of AMP-activated protein kinase (AMPK) would promote the switch to an anti-
inflammatory phenotype and cause a switch away from glycolysis towards mitochondrial 
oxidative phosphorylation and fatty acid oxidation (O'Neill and Hardie, 2013). 
Interestingly, AMPK-mediated pathways have been shown to be involved in the antiviral 
response to PRRS virus infection (Sang et al., 2014). Immuno-metabolism, metabolic 
homeostasis and homeohresis is a relatively new frontier that focuses on the integration 
and interaction of immune and metabolic systems. This work in meat livestock species is 
limited.  However, by understanding the metabolic pathways activated and the coordinated 
hormonal response (insulin, glucagon etc…) to infection, metabolism targeted 
interventions and management strategies for poor health livestock could be developed to 
mitigate production losses. These advances will enhance lean tissue and feed efficiency of 
swine that can also be extended to other species to enhance global food security and 
sustainability.  
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Conclusion 
In summary, this ongoing project is clearly demonstrating that PRRS virus infection 
reduces not only ADG, but also ADFI, coefficients of apparent total tract digestibility, and 
feed efficiency in grow-finisher gilts. Furthermore, lean/protein and fat accretion rates all 
appear to be affected to a similar extent. Additional blood analysis and carcass data from 
this project will allow us to better understand the metabolic impact of PRRS virus in pigs 
and to calculate the economic impact of this health challenge in a grow-finisher production 
setting. Based on this data set, overall we conservatively estimated the economic impact of 
PRRS virus to cost the producer between USD$6.14 - USD$12.85 per head. 
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Table 1. Performance of gilts infected with PRRS virus or without (CONT) from 35-127 
kg BW. 
 
  Parameter CONT PRRSv SE P-value 
1Performance, 0-112 dpi   
    ADG, kg/d 0.89 0.80 0.032 <0.05 
    ADFI, kg/d 2.05 1.93 0.058 <0.05 
     Feed:Gain 2.30 2.41 0.026 <0.05 
2Tissue Accretion, 0-80   
    Lean, g/d 657 568 13.9 <0.001 
    Protein, g/d 131 112  2.89 <0.001 
    Fat, g/d 230 184  9.22 <0.001 
    Bone, g/d 27.8 26.0  0.94   0.063 
3Apparent total tract digestibility, 19-21 dpi  
    Dry matter, % 83.9 81.3 0.54 <0.001 
    Nitrogen, % 81.8 77.3 0.84 <0.001 
    Energy, % 81.0 77.8 0.64 <0.001 
2Carcass yield, % 76.7 75.4   
2Carcass lean, % 55.4 56.3   
2Carcass backfat depth, cm 1.85 1.50   
2Carcass loin depth, cm 7.00 7.00   
1n=6 gilts per treatment 
2n=30 gilts per treatment 
3n=15 gilts per treatment 
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Figure 1.  Typical PRRS viremia and antibody response in growing pigs (adopted from 
Greiner et al., 2000; Van Gucht et al., 2004; Boddicker et al., 2012; and Gabler et al., 
2013) 
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Figure 2.  Within period changes in ADG, ADFI and Gain:Feed of PRRS virus infected 
and naïve gilts.  n=5 pen/trt, * P < 0.05 within period.  
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W.P. Schweer, J.F. Patience, L.A. Karriker, J.C. Sparks, G.G. Gourley, M. FitzSimmons, 
K. Schwartz, T.E. Burkey, N.K. Gabler. (2014)  PRRSV reduces feed efficiency and tissue 
accretion rates in grow-finisher pigs. ASAS-ADSA Midwest Sectional Meeting, Des 
Moines, IA. March 17-19, Abstract #82.   
 
Porcine reproductive and respiratory syndrome virus (PRRSv) is a major swine virus that 
causes reproductive impairment in sows, as well as respiratory disease, reduction in growth 
rates, and increased mortality in all ages of pigs. The objective of this study was to quantify 
the impact of PRRSv on grow-finisher pig feed efficiency and tissue accretion rates. Thirty 
PRRSv naïve, littermate pairs of maternal line Choice Genetics gilts (33 ± 3 kg BW) were 
selected and pairs split across two barns consisting of five pens (n = 6 pigs/pen/barn). Pigs 
in both barns were fed typical Midwest corn-soybean-DDGS diets. All pigs had ad libitum 
feed and free access to water.  One barn was inoculated (CHAL) via an I.M. injection of a 
live PRRSv strain isolated from the region (0 days post inoculation, dpi), while pigs in the 
other barn were given a saline control injection (CONT). Pig performance (ADG, ADFI, 
GF) in both barns was assessed over an 80 dpi period. Additionally, longitudinal body 
composition was assessed using Dual-energy X-ray absorptiometry on days -1 and 80 dpi, 
and lean, protein, fat and bone accretion rates calculated. Serological data showed that the 
CHAL pigs PRRSv titers peaked 7 dpi and these pigs seroconverted by 35 dpi. According 
to both genomic and protein PRRSv titers, CONT pigs were naïve to PRRSv throughout 
the study. Compared to the CONT, CHAL pigs had decreased ADG (0.72 vs. 0.90 kg/d, P 
< 0.001), ADFI (1.85 vs. 1.98 kg/d, P < 0.001), and GF (0.39 vs. 0.46 kg/d, P < 0.001) over 
the 80 d test period. Furthermore, CHAL pigs had attenuated whole body lean (547 vs. 633 
g/d, P = 0.001), protein (109 vs. 126 g/d, P = 0.001) and fat (169 vs. 205 g/d, P = 0.001) 
accretion rates compared to their CONT counterparts.  The data clearly demonstrate that 
PRRSv infection reduces feed efficiency and protein accretion rates in grow-finisher pigs. 
We estimate this to cost producers $6 to $12 per head depending on management style. 
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